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This study focuses on exocontact mineral assemblages to determine composition, thermal 
signatures, and the extent of exomorphism that occurred between the Mt. Mica pegmatite and the 
migmatite host rock at the contact. Biotite-garnet thermometry of country rock samples resulted 
in an average temperature estimate of 630 °C. Measured biotite Fe/(Fe+Mg) ratios were used to 
calculate an fO
2
 of -18. The results indicate that the country rock and pegmatite formed under 
similar oxidizing conditions near the quartz-fayalite-magnetite (QFM) equilibria buffer. Whole 
rock (REE) analysis indicates an interaction trend between the country rock and pegmatite. 
Exomorphism does not appear to have been significant at Mt. Mica, likely due to the moderately 
evolved nature of the pegmatite.  Minor B leakage into the surrounding country rock is 
constrained to within 15 cm from the contact. Results indicate no enrichment of alkali elements 














Purpose of Study  
The purpose of this research is to document the nature of the pegmatite-country rock 
interface and determine the extent of element mobility through a mineralogical and geochemical 
study of the contact zone between the Mt. Mica pegmatite in Oxford County, Maine with its 
surrounding stromatic migmatitic host rock. This study focuses on exocontact mineral 
assemblages to determine composition, thermal signatures, and the extent of exomorphism that 
occurred between the Mt. Mica pegmatite and the migmatite host rock at the contact.  
 Alteration surrounding pegmatites has been attributed to fluids derived by exsolution from 
the crystallizing volatile-rich granitic magma (Jahns 1982, Shearer et al. 1986). The extent of 
element migration can be determined through analysis of pegmatite-country rock interface 
mineralogy. Metasomatic leakage of pegmatite-derived fluids into metamorphic host rock can 
alter primary metamorphic mineral assemblages to form secondary metamorphic mineral 
assemblages. These assemblages can be analyzed for contrasting chemical signatures which can 
determine the extent of metasomatism. The extent of contact metasomatic alteration can allow 
for determination of the evolution of pegmatitic fluids and mechanisms of emplacement.  
The accepted controlling factors of exomorphism are (1) The enrichment of elements such as 
Li, Rb, Cs, B, Ta and Nb in pegmatite fluids as determined by original magma composition or 
pegmatite type, (2) the degree of fractionation of the pegmatite, (3) post-intrusion fluid 
evolution, (4) the presence and/or extent of hydrothermal fluids, (5) country rock composition, 
and (6) the degree of metamorphism (Laul et al. 1984; London, 1986; Shearer & Papike 1986, 




The country rock adjacent to the Mt. Mica pegmatite is stromatic migmatite. The leucosomes 
consist of quartz, albite, and mica, similar to the pegmatite. The melanosomes consist 
dominantly of quartz-biotite schist with accessory amphibole. Hamlin (1895), in his book, The 
History of Mount Mica of Maine, U.S.A., states the pegmatite intruded in general parallel to the 
trend of quartz-biotite schist. The pegmatite-country rock contact at Mt. Mica is sharp and 
visually distinct in areas where pegmatite cuts the melanosome component of the migmatite. The 
contact is gradational with no chill margin or comb structure where the pegmatite cuts the 
leucosomes of the migmatite.  
This study examines the mechanisms of exomorphism and the extent of elements and their 
mobility at the contact zone between the Mt. Mica pegmatite and its surrounding host migmatite. 
The extent in which Mt. Mica has been mined makes it an optimal site for scientific pegmatite-
country rock interface research with a clear exposure of pegmatite-country rock cross-section 
visible at the underground mine entrance (Figure 1). Full access was granted to the author by the 
current mine owner and operator, Gary Freeman, owner of Coromoto Minerals Mining 


















Figure 1. Cross-section view of the Mt. Mica pegmatite and mine entrance.  
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Location of the Study Area 
 
The Mt. Mica mine and pegmatite are located in the town of Paris, Oxford County, 
Maine, USA (Figure 2). The mine is situated on a small hill, at an elevation of 295 m, in forested 
terrain (Simmons et al. 2005). The mine can be accessed by vehicle from Mt. Mica Road off of 
Paris Hill Road in the town of Paris, Maine. Mt. Mica is privately owned and operated by 








Figure 2. Google Earth image of Mt. Mica location, northeast of Paris, Maine, USA.  
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Previous Work  
Mt. Mica is most famously known as the site of the first discovery of gem-quality 
tourmaline in North America. It has been mined for tourmaline and other minerals, including 
feldspar and muscovite, over the past 185 years (Hamlin 1895, Simmons et al. 2005). Zoned 
beryl var. morganite was discovered in pockets at Mt. Mica (Hurlbut & Wenden 1951). 
Phosphates have also been discovered at Mt. Mica including a late-stage, secondary phosphate, 
kosnarite (Brownfield et al. 1993).  
According to the widely accepted pegmatite classification scheme of Černý (2005), Mt. 
Mica is an LCT-type pegmatite found within the Sebago migmatite domain and is part of the 
Oxford County Pegmatite field in western Maine (Wise et al. 1992, Simmons et al. 2005). Mt. 
Mica pegmatite strikes northeast and dips moderately southeast (~30°) within the 
metasedimentary country rock. It is exposed for approximately 135 m along strike and ranges in 
thickness from approximately 1.5 m at the western exposure near the surface to over 8 m thick in 
areas further down dip. The pegmatite is poorly zoned, consisting mostly of quartz, albite and 
muscovite in the outer portions of the pegmatite. Recent studies on Mt. Mica indicate that rare-
element minerals such as lepidolite, elbaite, Cs-rich beryl, fluorapatite and pollucite are restricted 
to the core zone of the pegmatite (Marchal et al. 2013). Wall zones range between 0.5 to 3 m in 
thickness concurrent to the width of the dike. 
In previous studies of other pegmatites where exomorphism is shown to have occurred, the 
extent of alteration halo mineral assemblages due to interaction of pegmatite-derived fluids are 
highly dependent on pegmatite mineralogy and country rock composition (Laul et al. 1983; 
Shearer et al. 1986; Shearer & Papike 1988; Spilde & Shearer 1992; Morgan & London 1987; 
Selway et al. 2000). A summary of pegmatite exomorphism studies is shown in Appendix 1.  
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The overall degree of fractionation of the Mt. Mica pegmatite is moderate based on the 
deficiency of rare-element substitution in the minerals in the outer portion of the pegmatite and 
the relatively low K/Rb ratio of K-feldspar in the core-zone (Marchal et al. 2013). The country 
rock in immediate contact with the Mt. Mica pegmatite is migmatite with quartz-biotite schist as 
the melanosome component (see Host Rock Type). Leucosome composition is indistinguishable 
from pegmatite composition both in areas where leucosome is in contact with the pegmatite and 
within the migmatite. Previous exomorphism studies have shown pegmatite-derived fluids can 
migrate more readily into quartz-mica schist than amphibolite, which is relatively dense and 
fairly homogeneous in chemical composition which makes them impervious to fluid penetration.  
The determination of mineral assemblages in the migmatite which hosts the Mt. Mica 
pegmatite is integral for determining the extent of exomorphism, the history of emplacement, 
and thermal conditions related to pegmatite intrusion. Mineral assemblages in metamorphic 
rocks determine metamorphic grade, the conditions in which the minerals form, and can be used 
to determine bulk composition of the original rock, the pressure and temperature reached during 
metamorphism and the composition of any fluid phase present during metamorphism (Winter 
2001).  
Chemical zonation in garnets reflects the chemical evolution of the melt from which they 
were originally crystallized (Whitworth 1992). Zoning can be used to constrain the pressure-
temperature (P-T) histories of metamorphic rocks because chemical variation preserved in 
garnets provide records of the equilibration histories of their host rocks and can yield P-T paths 




Tourmaline can also provide petrogenetic rock information. Factors such as chemical 
zonation patterns, their approach to chemical equilibrium, and their relative element partitioning 
with coexisting phases illustrates the usefulness of tourmaline composition as it relates to the 
host rock in which they are formed (Henry & Guidotti 1985).   
The garnet-biotite Fe-Mg exchange geothermometer is the most widely used thermometer for 
estimating temperture of equilibration for medium-grade pelitic metamorphic rocks. In pelitic 
rocks, the best specimens for garnet-biotite geothermometry are those that crystallized with 
graphite and ilmenite free of a hematite component (Holdaway et al. 1997). Holdaway (1997) 
states that such rocks probably formed at fO
2
 slightly above the quartz-fayalite-magnetite (QFM) 
oxygen buffer.  
Rare Earth Elements (REE) are very useful for petrogenetic interpretations. In the case of 
an igneous rock series, the REE concentrations will increase systematically with progressive 
differentiation as they are largely incompatible and thus excluded from mantle phases and more 
concentrated in residual liquids (Winter 2001). Winter (2001) states that in order to identify such 
phases, it is necessary to know which REE are preferentially incorporated in which phases. REE 





General Geology  
The granitic pegmatites of Southern Maine, including Mt. Mica, are considered part of 
the Oxford pegmatite field and represent one of several major pegmatite regions within the 
Appalachian Province of the eastern United States (Wise et al. 2010). The Oxford pegmatite 
field is located within the Central Maine Belt (CMB) (Figure 3), a NE-SW trending unit 
composed of a Lower Paleozoic sedimentary succession, deformed and metamorphosed at 
greenschist to upper amphibolite facies conditions during the Acadian Orogeny, and intruded by 
plutons of Devonian age (Wise & Brown 2010, Solar & Tomascak 2009).  
Formation of the Sebago Migmatite Domain (SMD) formation occurred as the CMB 
Siluro-Devonian sedimentary succession experienced metamorphism in response to dextral 
transpression (Figure 4). The SMD comprises ductilely deformed migmatitic rocks and a variety 
of heterogeneous granitic rocks which crop out as meter-scale bodies (Solar & Tomascak 2009). 
Migmatization resulted in two types of migmatites based on structure: (1) stromatic migmatites – 
parallel-layered leucosome-melanosome host rock and (2) diatexite – a rock in which the 
protolith structures are not observed, i.e. destruction by diatexis (Solar & Tomascak 2009). Mt. 
Mica is hosted by the stromatic migmatite type of the SMD that have discrete to diffuse 
leucosomes (see Solar & Tomascak 2009) which are visible in cross section at the mine entrance 














Figure 3. Simplified pluton, metamorphic zone and structural zone map of Maine and New 










Figure 4. Simplified map showing the location of Mt. Mica, the 
Sebago Migmatite Domain (SMD) and the Sebago Pluton. 













Figure 5. Cross-section view of Mt. Mica pegmatite – country rock contact showing stromatic 
migmatite structures in the country rock.  
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Host Rock Type  
Host rock type was determined by point counts of thin sections which were used to 
calculate modal percent compositions (Table 1) from the following equation: 
                   
Based on thin section modal percentages calculated and percent hand-picked grains the country 
rock at Mt. Mica is described as a quartz-biotite schist with accessory amphibole, garnet, 
plagioclase, apatite, magnetite and ilmenite.  Tourmaline was found within numerous samples 
within 15 cm of the contact, but not in significant abundances (<1%) (see Tourmaline). Monazite 













Mt. Mica Host Rock 
  CR1 CR2 CR3 CR3 H H 
Quartz 57.38 55.50 42.37 41.38 65.71 63.85 
Biotite 22.10 25.89 6.69 7.85 29.14 24.24 
Muscovite 19.44 15.91 41.68 41.08 1.14 9 
Plagioclase 0.00 1.86 2.06 1.69 0.57 2.63 
Amphibole 0.00 0.00 5.66 3.23 0.00 0.00 
Opaque 1.08 0.85 1.54 4.77 3.43 0.28 
Total 100.00 100.00 100.00 100.00 99.99 100.00 
Table 1. Modal % compositions based on point counts in thin sections. CR1 are Country Rock 
Contact Samples <15 cm from contact, CR2 are Country Rock Samples between 15 cm & 8 m 
from Contact. CR3 are Country Rock Samples > 8 m from Contact, H are hybrid Samples with 





Field sampling was performed over the course of three sessions: May 2011, May 2012, 
and June 2013. Photographs were taken during each sampling session. Exposed sampling 
locations were determined by proximity to the pegmatite-country rock contact. Samples were 
collected at the pegmatite-country rock contact zone, inside and outside of the mine (Figure 6). 
The majority of samples were taken at the pegmatite-country rock contact. Studied intervals were 
determined as: pegmatite (P2) > 15 cm from contact, contact pegmatite (P1) < 15 cm of contact, 
country rock contact (CR1) < 15 cm of contact, country rock between 15 cm and 8 m of contact 
(CR2) and country rock > 8 m of contact (CR3). CR3 samples are considered unaffected by the 
pegmatitic intrusion. Several samples of intermingled felsic and mafic composition were 
collected from areas inferred to be the result of extensive interaction, where the contact is 
indiscernible. These samples are referenced as Hybrid (H) samples. Leucosome samples 
collected as drilled cores are referenced as (L) (Table 2). Special care was given to collect 
unaltered specimens. Samples were placed in sealable plastic bags and marked with location, 
photographic details, and information regarding proximity to pegmatite. Samples were 
photographed and stored at the University of New Orleans MP2 lab until analysis was initiated 
and throughout the research process. Selective samples collected from the country rock and 
pegmatite across the contact zone were analyzed by fusion inductively coupled plasma (ICP) 
spectrometry, electron microprobe (EMP), direct-coupled plasma spectroscopy (DCP), and 











































P2 Pegmatite Samples > 15 cm from contact 
P1 Pegmatite Samples < 15 cm from contact 
CR1 Country Rock Contact Samples <15 cm from contact 
CR2 Country Rock Samples between 15 cm & 8 m from Contact  
CR3 Country Rock Samples > 8 m from Contact 
H Hybrid Samples – Mixed Compositions (No discrete boundary) 
L Leucosome Samples (drilled cores for whole rock REE analysis) 




Thin section samples were prepared by standard methods. Several sections were initially 
sent to National Petrographic Services Inc. including a large thin section of the pegmatite-
country rock contact, following the first collecting session.  Additional samples were sent to 
Applied Petrographic Services, Inc. after the second sample collecting session in May, 2012. 
Several thin sections were made at the University of New Orleans by the author using standard 
thin section preparation methods as follows.  A diamond blade, water-cooled rock saw was used 
to cut samples. Samples were attached using clear polyester casting resin and were allowed to 
cure for a minimum of twenty-four hours. Samples were then trimmed using a diamond saw and 
grinded using abrasive (400) grit on grinding wheel (Figure 7) until the rock sample reached a 
thickness of 30 microns. Samples were then polished on a polishing wheel (Figure 7) using an 
alumina micropolish with a particle size of 0.03 microns. Thin sections were stored in a thin 
section storage boxes and used for mineral and textural identification.   
 
Figure 7. Grinding wheel and polishing wheel used to make thin sections 




Fe2+ determinations were conducted using the ammonium meta-vanadate method of 
titration using a ferrous ammonium sulfate solution and a diphenylamine solution (Von Arnd 
Peters 1968) (Figure 8). Solid ammonium meta-vanadate weighing 0.10 g was added to 0.20 g of 
ground sample in 100 ml dry polyethylene bottles with secure, air-tight, water-proof lids. A 
mixture of 8 ml of 51% hydrofluoric acid and 2 ml of 38% hydrochloric acid was added to each 
bottle and allowed to stand until all sample powder was completely dissolved (approximately 4 
days). To each mixture, 10 ml 50% sulfuric acid and 10 ml of diphenylamine solution were 
added and transferred to a 600 ml beaker containing 400 ml of distilled water and 10 g of boric 
acid. The solution was placed on a magnetic stirrer and titrated with ferrous ammonium sulfate 
until the solution turned from purple to bright green. A blank (no sample powder) was measured 
as a control. Fe3+ was calculated as the difference between microprobe (total Fe) and wet-
chemical (Fe2+) results from the equation (Von Arnd Peters 1968): 
% FeO = [100 (x’ – y’) z] / w 
Where x = ml of ferrous ammonium sulfate required to titrate blank, normalized to 100 mg. 
x’ = x [(sample) mg / 100 mg] 
y’ = ml of ferrous ammonium sulfate required for titration of sample 
z = mg of FeO per ml ferrous ammonium sulfate 















Figure 8. Analytical set up for performing titrations.   
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Fusion ICP  
Fusion Inductively-Coupled Plasma (ICP) Optical Emission Spectrometry (OES) is a 
bulk chemical analysis technique used for the identification and quantification of trace elements 
in whole rock samples. Drilled cores of pegmatite and country rock leucosome components were 
sampled from various locations at Mt. Mica. Several country rock melanosome samples were 
also analyzed by this method.  Samples were crushed and powdered in a ceramic wall-lined 
container containing a ceramic puck and covered with a ceramic lid. The container was secured 
in an 8510 Shatter Box and milled for a minimum of 40 minutes or longer until the sample was 
pulverized to at least 95% minus 150 mesh (106 microns) powder consistency. Contamination 
was prevented by milling and disposing of an aliquot of sample prior to actual sample 
preparation. The milled samples were stored in 50 ml polyethylene bottles with secure air-tight, 
water-proof lids. The powdered rock samples were sent for Fusion ICP analysis to Activation 
Laboratories Ltd. in Ancaster, Ontario using the Lithium Metaborate/tetraborate Fusion method 
on a combination simultaneous/sequential Thermo Jarrell-Ash ENVIRO II ICP or a Varian Vista 
735 ICP.  Calibration was performed using 7 prepared USGS and CANMET certified reference 











A Beckman Spectraspan V, Direct-Coupled Plasma Spectrophotometer (DCP) (Figure 9) 
was used for trace element and whole rock analyses to verify EMP results, including Li content 
in muscovite and biotite, based on calculations. Each sample was prepared for analysis by 
crushing samples with a SPEX 4200 Jaw Crusher into < 6 mm – sized pieces. Approximately 0.2 
g of clean biotite and 0.2 g of clean muscovite were separated from samples containing the 
minerals using tweezers and stereomicroscope. The micas were digested in 5-10 ml of a mixture 
of 51% hydrofluoric acid and 38% hydrochloric acid at room temperature for approximately 4 
days or until completely dissolved. The samples were then diluted to a volume of 35 ml and 










An AMRAY 1820 Digital Scanning Electron Microscope (SEM) was used for spot 
chemical analysis, acquisition of elemental maps, and mineral identification using the EDS 2009 
system (Figure 9). Tourmalines, biotites, muscovites, apatites, and garnets were hand-picked 
from crushed samples containing the minerals and individually placed on sticky pads on stubs 
and stored in a desiccator. Each stub was viewed under SEM for mineral identification. The 
minerals were then encased in epoxy on a microprobe mount and allowed to cure for a minimum 
of 24-hours. Each microprobe mount was then ground to reveal a flat surface of each mineral, 
cleaned in an ultrasonic bath, dried and coated with carbon (Figure 10).  
SEM analysis of the minerals; amphibole and plagioclase was conducted using a different 
method. A section of whole, unbroken, sample was cut and mounted on a microprobe mount 
using epoxy. The surface was grinded flat using grinding powder on a grinding wheel, cleaned in 
an ultrasonic bath, polished using a polishing wheel and 1 micron, 0.3 micron and 0.05 micron 
polishing compound, then cleaned in an ultrasonic bath. Samples were dried and carbon-coated 
with 250 Ångstroms of carbon under a vacuum of 1x10-5 torr prior to SEM analysis. Each 
sample was analyzed by SEM for the minerals; amphibole and plagioclase. Samples were 
subsequently stored in a desiccator for further analysis by microprobe. Garnet – Biotite 





















Figure 10. Scanning Electron Microscope (SEM) used for spot chemical analysis, acquisition of 










Figure 11. Antiquated Carbon Coater at the University of 




A fully-automated, nine-spectrometer ARL SEMQ Electron Microprobe (EMP) was used 
for major and minor element analysis of minerals on microprobe mounts (Figure 12). Minerals 
were either handpicked from the crushed whole rock, from the heavy mineral separates or cut 
whole rock samples (amphibole, plagioclase, garnet-biotite pairs). The following minerals 
analyzed by EMP: tourmaline, garnet, muscovite, biotite, apatite, plagioclase, and amphibole. 
Refer to the SEM section for the sample preparation process that was conducted for microprobe 
analysis. Quantitative chemical analyses of these samples were obtained using an ARL-SEMQ 
electron microprobe in the wavelength dispersive mode with an accelerating potential of 15kV, 
15 nA beam current, and 2 μm beam diameter. The following standards were used: Adularia 
(Fibbia) (K, Si), albite (Tiburon) (Na, K, Al), An50 (Ca, Al), Cpx-26 (Fe, Mg), rhodonite (Broken 
Hill) (Mn), TiO2 synthetic (Ti), pollucite (Cs), Rb-leucite (Rb), fluorapatite (P), fluorphlogopite 
(F). Five spots per sample were analyzed with count times was of 30 seconds per spot. 
Backgrounds were determined using the MAN method (Donovan & Tingle, 1996), using 
applicable standards listed above and the following standards: hematite (Elba), V2O5, ZrO2, 
MgO, PbO, ZnO, and Al2O3.Matrix effects were corrected using Φ (ρZ) correction procedure 














Figure 12. Electron Microprobe (EMP) was used for major and minor 






Micas are a group of phyllosilicate minerals having near-perfect basal cleavage as a result 
of hexagonal sheet-like arrangement of atoms. All micas are monoclinic and similar in chemical 
composition with the general formula:  
X2Y4-6T8O20W4 
where:   
X = Na, K, Ca, Ba 
Y = Mg, Fe2+, Fe3+, Mn, Li, Al, Ti, Cr 
T = Si, Al, Fe3+ 
W = OH, F 
They are subdivided into dioctahedral (Y4) and trioctahedral (Y6) types. An additional 
subdivision is made on the basis of the interlayer (X) cation; the interlayer cation is univalent 
(X=Na, K) for the common micas (Hawthorne & Černý 1982). Names and formula are listed in 














Muscovite K2Al4Si6Al2O20 (OH, F)4 
Paragonite Na2Al4Si6A12O20 (OH ,F)4 
Celadonite K2Mg2Al2Si8020 (OH, F)4 
Glauconite (K, Na)2(Fe3+, Al, Mg)4(Si,Al)8O20(OH, F)4 
Roscoelite K2(V, Al, Mg)4,Si6Al2O20(OH,F)4 
Brittle Micas 
Margarite Ca2Al4Si4Al4O20(OH, F)4 
Chernykhite (Ba, Na)2(V, Al)4(Si, Al)8O20(OH, F)4 
TRIOCTAHEDRAL 
Common Micas 
Phlogopite K2Mg6Si6Al2O20(OH, F)4 
Annite K2Fe2+6Si6Al2O20(OH, F)4 
‘Eastonite’ K2Mg4Al2Si4Al4O20(OH, F)4 
Siderophyllite K2Fe2+4Al2Si4Al4O20(OH, F)4 
‘Lepidomelane’ K2Fe2+4Fe3+2Si4Al4O20(OH, F)4 
Zinnwaldite K2Fe2+2Li2Al2Si6Al2O20(OH, F)4 
Polylithionite K2Li4Al2Si8O20(OH, F)4 
Trilithionite K2Li3Al3Si6Al2O20(OH, F)4 
Ephesite Na2Li2Al4Si4Al4O20(OH, F)4 
Henricksite K2(Zn, Mn)6Si6Al2O20(OH, F)4 
Taeniolite K2Mg4Li2Si8O20F4 
Lepidolite K2(Li, Al)6(Si, Al)8O20(F, OH)4 
Masutomilite K2(Li, Al, Mn)6(Si, Al)8O20(F, OH)4 
Biotite K2(Mg, Fe2+, Fe3+, Al)6-5(Si, Al, Fe3+)8O20(OH, F)4 
Montdorite (K, Na)2(Fe2+, Mn, Mg)5Si8O20(OH, F)4 
Brittle Micas 
Anandite (Ba, K) 2(Fe2+, Mg)6(Si, Al, Fe3+)8O20(OH, F)4 
Kinoshitalite (Ba, K) 2(Mg, Mn, Al)6Si4Al4O20(OH, F)4 










Muscovite is an end member of the Muscovite-Lepidolite Mica Series with the general 
formula K2Al4(Si6Al2)O20 (OH, F)4. In dioctahedral muscovite, Li substitutes in the octahedral sites 
of the mineral structure in two ways (Hawthorne & Černý 1982):  
2 LiVI + SiIV  AlVI + □VI + AlIV 
3 LiVI  AlVI + 2 □VI 
The Li substitution is not a simple isomorphous replacement, as muscovite is dioctahedral while 
lepidolite is trioctahedral, with a region of 'mixed forms' separating the two types (Hawthorne & 
Černý 1982). Li and F are very strongly correlated in natural mica compositions, making 
muscovite an adequate gauge of enrichment involving Li- and/or F- enriched pegmatitic fluids. 
Hand-picked muscovite grains were analyzed by EMP and compared to DCP analysis. Lithium 
oxide wt. % was determined by calculation using the equation [0.237*F1.642] for samples where F 
= 0.1 to 9 (Tischendorf et al. 1997) and compared to DCP analysis for acceptable ranges. All 
samples fit this parameter. The data was plotted on the [Fe(tot)+Mn+Ti-Al(vi)] versus [Mg-Li] 
diagram of Tischendorf et al. (1997) to determine muscovite composition (Figure 13). All 
samples plot in quadrant III in the negative portion of the Muscovite field of the [Fe(tot)+Mn+Ti-
Al(vi)] versus [Mg-Li] diagram of Tischendorf et al. (1997) (Figure 14).  
Fe/(Fe+Mg) ratios from all locations ranged from 0.874 to 1 indicating the muscovite is 
Fe-rich. The highest Fe/(Fe+Mg) ratios occur in (CR3), at distances >8 m from the contact and 




An investigation of Li, Cs, and Rb levels with respect to distance from the 
pegmatite/country rock contact was conducted. The Li content of sampled muscovites were 
plotted (Figure 15) and do not reflect a trend of Li-enriched pegmatitic fluid alteration. Li ranges 
from 0.056 apfu (H) to 0.149 apfu (CR3).  Li values from muscovites located at a distance >15 
cm from in the contact (CR3) averaged 0.119 apfu. Li values of country rock located between 15 
cm to 8 m from the contact (CR2) and samples of country rock <15 cm from the contact (CR1) 
both averaged 0.109 apfu.  Hybrid muscovite samples yielded an averaged Li content of 0.097 
apfu. Cs and Rb levels for all samples were below detection limits to negligible (0.001) 
indicating no significant Cs- or Rb- enrichment. Rb content ranged from 0 to 0.001. The alkali 
trend for sampled muscovites is Li > Rb ≥ Cs.  Additional analyses of muscovites are located in 







Table 4. Representative analysis of muscovite 
  
6A.3.1-
1 3A-1 5A-2 
6A.3.4-
1 4A-1 8CR-3 15.1 18-2 11-1 12-1 32-1 
Oxides (wt. %):  
SiO2 45.24 45.45 45.44 45.45 45.51 45.39 45.77 45.56 45.68 45.60 45.66 
TiO2 0.02 0.03 0.23 0.19 0.04 0.25 0.08 0.06 0.13 0.21 0.13 
Al2O3 37.31 37.34 37.32 37.45 37.51 37.67 37.81 37.90 37.80 37.89 37.88 
FeO 1.76 2.29 2.44 1.66 2.51 1.28 1.43 0.99 1.01 1.11 1.32 
MnO 0.088 0.10 0.02 0.07 0.09 0.04 0.08 0.06 0.04 0.02 0.04 
MgO 0.07 0.02 0.02 0.03 0.03 0.03 0.01 0.01 0.01 0.02 0.03 
CaO 0.01 0.02 0.01 0.02 0.02 0.01 0.05 0.06 0.02 0.03 0.00 
Rb2O 0.01 0.02 0.01 0.01 0.02 0.00 0.01 0.01 0.00 0.00 0.00 
Cs2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Li2O calc. 0.23 0.23 0.16 0.20 0.28 0.16 0.23 0.21 0.27 0.20 0.10 
Na2O 0.38 0.65 0.14 0.36 0.58 0.12 0.29 0.46 0.29 0.24 0.12 
K2O 8.76 8.45 9.42 9.12 8.56 9.54 9.55 9.50 9.33 9.12 9.22 
H2O 4.02 4.04 4.15 4.08 4.01 4.15 4.07 4.09 4.02 4.10 4.24 
F 0.98 0.98 0.78 0.90 1.10 0.76 0.99 0.91 1.08 0.89 0.59 
Sub Total 98.87 99.61 100.13 99.51 100.26 99.40 100.37 99.81 99.67 99.44 99.34 
O=F 0.41 0.41 0.33 0.38 0.46 0.32 0.42 0.38 0.45 0.38 0.25 
Total 98.46 99.20 99.80 99.14 99.80 99.08 99.95 99.42 99.22 99.07 99.09 
apfu  
Si 6.049 6.042 6.031 6.043 6.024 6.037 6.042 6.036 6.052 6.045 6.056 
Ti  0.002 0.003 0.022 0.019 0.004 0.025 0.008 0.006 0.013 0.021 0.013 
Al 5.879 5.850 5.838 5.870 5.851 5.904 5.882 5.917 5.902 5.919 5.920 
Fe3+  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+  0.197 0.254 0.271 0.184 0.278 0.143 0.158 0.109 0.112 0.123 0.147 
Mn  0.009 0.011 0.002 0.007 0.010 0.005 0.009 0.007 0.004 0.002 0.004 
Mg  0.013 0.004 0.004 0.005 0.005 0.005 0.002 0.002 0.002 0.003 0.007 
Ca  0.002 0.003 0.002 0.003 0.003 0.001 0.006 0.008 0.003 0.005 0.000 
Rb  0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.000 0.000 0.000 
Cs 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Li 0.124 0.123 0.086 0.107 0.146 0.083 0.123 0.109 0.142 0.106 0.056 
Na  0.099 0.166 0.035 0.092 0.148 0.031 0.074 0.117 0.074 0.063 0.031 
K  1.493 1.432 1.594 1.546 1.446 1.618 1.609 1.605 1.577 1.543 1.560 
H 3.584 3.587 3.673 3.622 3.540 3.679 3.587 3.619 3.549 3.625 3.753 
F  0.416 0.413 0.327 0.377 0.460 0.321 0.412 0.381 0.451 0.374 0.247 
TAl  1.951 1.958 1.969 1.957 1.976 1.963 1.958 1.964 1.948 1.955 1.944 
OAl  3.928 3.892 3.868 3.913 3.875 3.941 3.924 3.952 3.953 3.964 3.976 
Sum 
Tetrahedral 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Tetrahedral Al 1.951 1.958 1.969 1.957 1.976 1.963 1.958 1.964 1.948 1.955 1.944 
Octahedral Al 3.928 3.892 3.868 3.913 3.875 3.941 3.924 3.952 3.953 3.964 3.976 
Sum 
Octahedral 4.273 4.288 4.254 4.235 4.318 4.202 4.224 4.185 4.226 4.220 4.203 
Sum x-site 1.595 1.603 1.632 1.642 1.599 1.651 1.690 1.731 1.655 1.610 1.592 
Sum w-site  4.000 4.000 4.000 3.999 4.000 4.000 4.000 3.999 4.000 3.999 4.000 




VIAl -3.720 -3.624 -3.573 -3.702 -3.582 -3.768 -3.749 -3.830 -3.824 -3.818 
-
3.812 
Fe/(Fe+Mg)  0.938 0.985 0.986 0.974 0.982 0.964 0.989 0.984 0.984 0.975 0.957 









Figure 13. Diagram of [Fe(tot)+Mn+Ti-Al(vi)] versus [Mg-Li] of Tischendorf et al. (1997) showing 
compositional fields of natural trioctahedral and dioctahedral micas with RIV = 4.4 as the boundary 
between di- and trioctahedral micas. The dotted line shows the discrimination boundary between 
Mg and Fe biotite from Foster (1960a). Quadrants I, II, III and IV correspond to the mica series 
Mg-Fe, Mg-AI, Li-A1 and Li-Fe, respectively. The area where analyzed muscovites in this study 







Figure 14. Muscovite compositions on the [Fe(tot)+Mn+Ti-Al(vi)] versus [Mg-Li] 








Figure 15. Calculated Li (apfu) content in muscovite with respect to distance 




Biotite is the dominant hydrated ferromagnesian rock forming mineral found within the 
country rock at Mt. Mica.  It appears that the occurrence of biotite decreases significantly 
crossing from country rock to pegmatite with no biotite appearing in the pegmatite within 15 cm 
from the contact.  
Chemical analysis of biotite was obtained by EMP and compared to DCP analysis. 
Titrations were performed on hand-selected biotites to determine the quantitative amount of Fe2+ 
and Fe3+. Lithium oxide wt. % was calculated using the equation (0.289*SiO2) - 9.658, for 
samples where MgO < 6 wt. %, and the equation [2.7/(0.35+MgO)] - 0.13, where MgO > 6 wt. 
% (Tischendorf et al. 1997). The data was plotted on the [Fe(tot)+Mn+Ti-Al(vi)] versus [Mg-Li] 
diagram of Tischendorf et al. (1997) to determine biotite composition (Figure 16). 
In country rock at distances between 15 cm and 8 m (CR2), the [Fe(tot)+Mn+Ti-Al(vi)] 
values are > 0.5 and the [Mg-Li] values are <0.6. According to Tischendorf et al. (1997), these 
samples plot within the siderophyllite field (Figure 17). Biotite at the contact (CR1) plot within 
the Fe-biotite field (Figure 17). Hybrid samples plot in both fields.  
Calculation of biotite Fe3+/ Fe2+ ratios were determined by titration from grains 
meticulously hand-picked. Ratios were near zero for all country-rock biotite, showing a lack of 
oxidation with respect to the contact. Biotite is virtually absent within the pegmatite yet one 
sample from within the pegmatite at a distance of >15 cm from the contact (P2) was analyzed. 
This sample contained only a minor component of Fe3+, 0.03 apfu. In contrast, the schist of the 
country rock at the Etta, Bob Ingersoll No. 1, and Peerless pegmatite(s) (Shearer et al. 1986) are 
shown to appear to be more oxidized near the contact than the schist further from the contact in 
cases where exomorphism is shown to have occurred.  
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Fe/(Fe+Mg) ratios from all Mt. Mica locations ranged from 0.585 to 0.904 indicating the 
biotite is Fe-rich (Figure 18). The highest Fe/(Fe+Mg) ratios occur in (CR2), between 15 cm to 8 
m from the contact and averaged 0.875. The lowest Fe/(Fe+Mg) ratio occurred closest to the 
contact indicating higher Mg incorporation but not enough to cross from Fe-rich biotites to Mg-
rich biotites.  
Since Li, Cs, and Rb are preferentially incorporated into the sheet-silicate structures 
(Shearer et al. 1986), an investigation of Li, Cs, and Rb levels with respect to distance from the 
pegmatite/country rock contact was conducted. The Li content of sampled biotites were plotted 
(Figure 19) and do not reflect a trend of Li-enriched pegmatitic fluid alteration, instead there is a 
slight decrease of Li content in the country rock biotites towards the contact. Li ranges from 
0.122 apfu (CR3) to 0.273 apfu (CR2).  Li values from biotite located at a distance >15 cm from 
within the pegmatite (P2) averaged 0.243 apfu. Country rock Li values averaged 0.251 apfu for 
samples located <15 cm from the contact (CR1) and averaged 0.273 apfu for samples located 
between 15 cm & 8 m from the contact (CR2). Hybrid biotite samples yielded an average Li 
content of 0.236 apfu. Cs and Rb levels for all samples were negligible indicating no Cs- or Rb- 
enrichment.  Rb content ranged from 0.001 to 0.002. Cs content for all samples was below 
detection limits. The alkali trend of Li > Rb > Cs is reflected in sampled biotites. Additional 





































- 2 11-2 M5 M5 M5 
Oxides (wt. %) 
SiO2 34.72 35.16 35.33 35.36 35.01 35.09 35.01 34.77 35.09 35.04 35.66 34.86 34.75 34.67 
TiO2 0.99 3.12 3.09 3.41 0.98 0.49 1.45 1.43 2.18 2.09 0.36 1.10 1.09 1.12 
Al2O3 21.78 19.39 19.44 19.50 21.72 22.20 21.19 21.25 21.30 20.43 22.98 22.08 22.16 22.11 
FeO 24.37 19.89 19.81 19.67 23.89 23.61 24.00 24.32 19.88 20.77 20.01 23.98 23.89 23.82 
MnO 0.61 0.44 0.41 0.36 0.41 0.70 0.07 0.06 0.41 0.51 0.41 0.52 0.53 0.53 
MgO 2.78 7.68 7.55 7.82 2.18 1.67 1.98 2.09 4.88 4.99 4.88 1.89 2.00 1.98 
CaO 0.05 0.03 0.04 0.03 0.03 0.02 0.03 0.04 0.02 0.01 0.08 0.03 0.03 0.03 
Rb2O 0.01 0.00 0.00 0.00 0.02 0.03 0.01 0.01 0.00 0.03 0.00 0.02 0.02 0.02 
Cs2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Li2O calc. 0.38 0.21 0.21 0.20 0.46 0.48 0.46 0.39 0.48 0.47 0.65 0.42 0.38 0.36 
Na2O 0.11 0.00 0.00 0.01 0.11 0.28 0.31 0.33 0.45 0.39 0.23 0.37 0.36 0.37 
K2O 8.12 8.88 8.72 9.11 8.98 9.11 9.10 9.12 8.89 8.93 8.66 8.78 8.65 8.83 
H2O 3.12 3.74 3.75 3.84 3.11 3.03 3.28 3.23 3.42 3.20 3.71 3.13 3.04 2.98 
F 1.50 0.41 0.41 0.28 1.51 1.67 1.12 1.22 0.98 1.39 0.46 1.49 1.68 1.80 
Sub Total 98.55 98.96 98.77 99.60 98.41 98.39 98.00 98.24 97.96 98.28 98.06 98.95 98.86 98.92 
O=F 0.63 0.17 0.17 0.12 0.64 0.70 0.47 0.51 0.41 0.59 0.19 0.63 0.71 0.76 

















2 11-2 M5 M5 M5 
apfu 
Si 5.434 5.375 5.400 5.362 5.491 5.511 5.510 5.475 5.420 5.443 5.449 5.444 5.433 5.428 
Ti 0.117 0.358 0.356 0.389 0.116 0.058 0.171 0.170 0.253 0.244 0.041 0.129 0.129 0.132 
Al 4.017 3.494 3.502 3.485 4.015 4.109 3.930 3.943 3.877 3.740 4.139 4.064 4.082 4.080 
Fe3+  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.033 0.033 0.033 
Fe2+ 3.188 2.543 2.532 2.495 3.133 3.101 3.158 3.203 2.567 2.698 2.557 3.132 3.124 3.118 
Mn  0.081 0.057 0.053 0.047 0.055 0.093 0.009 0.008 0.054 0.067 0.053 0.069 0.070 0.070 
Mg 0.649 1.751 1.721 1.769 0.510 0.391 0.465 0.490 1.123 1.156 1.111 0.441 0.467 0.463 
Ca  0.009 0.006 0.007 0.006 0.005 0.003 0.006 0.006 0.003 0.002 0.012 0.005 0.005 0.005 
Rb  0.001 0.000 0.000 0.000 0.002 0.003 0.001 0.001 0.000 0.003 0.000 0.002 0.002 0.002 
Cs 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Li  0.237 0.127 0.130 0.122 0.290 0.305 0.291 0.246 0.299 0.293 0.397 0.261 0.242 0.228 
Na  0.034 0.000 0.000 0.004 0.034 0.086 0.095 0.100 0.134 0.118 0.069 0.113 0.110 0.114 
K 1.621 1.732 1.701 1.762 1.797 1.825 1.826 1.832 1.751 1.770 1.687 1.749 1.724 1.764 
OH 3.258 3.816 3.820 3.885 3.250 3.170 3.442 3.392 3.519 3.316 3.780 3.265 3.169 3.109 
F  0.742 0.199 0.198 0.133 0.750 0.830 0.558 0.608 0.481 0.684 0.220 0.735 0.831 0.891 
TAl  2.566 2.625 2.600 2.638 2.509 2.489 2.490 2.525 2.580 2.557 2.551 2.556 2.567 2.572 
OAl 1.450 0.869 0.902 0.848 1.506 1.620 1.439 1.418 1.297 1.183 1.589 1.507 1.515 1.508 
Sum Tetrahedral 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Tetrahedral Al 2.566 2.625 2.600 2.638 2.509 2.489 2.490 2.525 2.580 2.557 2.551 2.556 2.567 2.572 
Octahedral Al 1.450 0.869 0.902 0.848 1.506 1.620 1.439 1.418 1.297 1.183 1.589 1.507 1.515 1.508 
Sum Octahedral 5.723 5.704 5.693 5.669 5.609 5.569 5.533 5.535 5.593 5.642 5.749 5.572 5.579 5.552 
Sum x-site (alkali) 1.665 1.738 1.707 1.772 1.837 1.917 1.929 1.939 1.888 1.893 1.768 1.868 1.841 1.885 
Sum w-site 
(Hydroxyl) 4.000 4.015 4.017 4.018 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 
Mg - Li  0.412 1.624 1.590 1.646 0.220 0.086 0.174 0.244 0.823 0.863 0.714 0.180 0.225 0.235 
Fe(tot)+Mn+Ti-VIAl 1.936 2.089 2.039 2.083 1.797 1.632 1.899 1.962 1.577 1.827 1.063 1.823 1.808 1.813 
Fe/(Fe+Mg)  0.831 0.592 0.595 0.585 0.860 0.888 0.872 0.867 0.696 0.700 0.697 0.878 0.871 0.872 













Figure 16. Diagram of [Fe(tot)+Mn+Ti-Al(vi)] versus [Mg-Li] of Tischendorf et al. 
(1997) showing compositional fields of natural trioctahedral and dioctahedral 
micas. The area where analyzed biotites in this study plot is shown in blue and also 

















Figure 17. Biotite compositions based on [Fe(tot)+Mn+Ti-Al(vi)] vs. [Mg-Li] Modified from 


















Figure 19. Calculated Li (apfu) content in biotite samples with respect to the pegmatite-country 




Garnets are a group of nesosilicate minerals with the general formula: 
X6Y4Z6O24 
where: 
X = Mg ,Fe2+, or Ca 
Y = Al, Cr, or Fe3+ 
Z = Si 
Garnets have two solid solution series; pyrope-almandine-spessarite and uvarovite-
grossular-andradite 
Garnets in the country rock were analyzed for changes in chemical composition relative 
to distance from the pegmatite contact and for zonation. Sampled garnets were typically pink in 
color ranging from 0.5 to 2mm in size. Garnet compositions were analyzed by EMP and 
calculated based on the end-member components of almandine (Fe), spessartine (Mn), pyrope 
(Mg), and grossular (Ca). This analysis yielded the amount of each component which are plotted 
in Figure 20. The overall average garnet composition is Alm 71.1%, Sps 17.1%, Prp 10.2%, Grs 
1.6%. Thus, all the garnets are dominantly almandine, with a small component of spessartine and 
pyrope.  
The occurrence of garnet in the country rock decreases towards the contact with no garnet 
found in the country rock from the contact to 3 cm. No garnets were discovered in pegmatite 
samples (P1) since garnet is rare within the pegmatite except in the garnet line where it is 
relatively abundant.  
Zoning in garnets can be used to constrain the pressure-temperature (P-T) histories of 
metamorphic rocks because chemical variations in garnets provide records of the equilibration 
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histories of their host rocks and can yield P-T paths (Tuccillo et al. 1990). The extent of zonation 
from overgrowth evolution in garnet specimens was determined by SEM and EMP analysis 
which yielded no zonation patterns. The lack of zonation in the garnets suggests that growth 
histories were lost due to homogenizing metamorphic processes where temperatures exceeded 
600 °C (see Tuccillo et al. 1990).  
Averaged Fe/(Fe+Mg) ratios reveal all samples to be uniformly low in Mg and high in 
Fe. Fe/(Fe+Mg) ratios are relatively consistent at the contact and further into the country rock 
ranging from 0.823 to 0.843 apfu in samples (CR1), 0.829 to 0.851 apfu in samples (CR3) and 
0.830 to 0.990 apfu in hybrid samples (H). Additional garnet analyses are located in Appendix 2 

















Table 6. Representative EMP analysis of garnet 
Oxides (wt. %) 1A-1 6A-3-4-1 11B-1 15-1 32-1 
SiO2 36.99 37.09 37.23 37.54 37.45 
TiO2 0.00 0.00 0.01 0.01 0.01 
Al2O3 20.92 20.98 21.10 21.23 21.33 
FeO 30.22 29.87 30.84 31.27 32.23 
MgO 2.22 3.12 2.89 3.12 3.56 
MnO 9.60 8.45 8.23 6.22 5.43 
CaO 0.28 0.33 0.24 1.68 0.81 
Total  100.23 99.84 100.54 101.06 100.84 
apfu 
Si 5.999 5.998 5.993 5.988 5.978 
Ti 0.000 0.000 0.001 0.001 0.002 
Al 3.999 3.999 4.003 3.989 4.012 
Fe 4.100 4.040 4.152 4.170 4.302 
Mg 0.538 0.753 0.694 0.742 0.847 
Mn 1.319 1.157 1.122 0.840 0.734 
Ca 0.048 0.056 0.041 0.286 0.139 
X Site total  6.004 6.005 6.008 6.039 6.023 
Y Site total  3.999 3.999 4.003 3.989 4.012 
Z Site total  5.999 5.998 5.994 5.989 5.979 
Fe/(Fe+Mg) 0.884 0.843 0.857 0.849 0.836 
Formulas calculated on the basis of 24 oxygens. Total Fe = FeO, wt. % = 





























Tourmaline is a complex borosilicate mineral with a general formula of     
X Y3 Z 6 (T6O18) (BO3) 3 V3 W 
where: 
X= Na+, Ca2+, K+, □ (vacancy) 
Y= Li+, Mg, Fe2+, Mn2+, Al, Fe3+, Cr3+, V3+, (Ti4+) 
Z= Al, Mg, Fe3+, Cr3+, V3+, (Fe2+) 
T= Si4+, Al3+, (B3+) 
B= B3+, (□) 
V= (OH-), O2-          V≡ [O(3)] 
W= (OH-), F-, O2-    W≡ [O(1)] 
Boron is in regular triangular coordination and has no apparent substituents (Henry & 
Guidotti 1985) which makes tourmaline a possible indicator of boron transport between country 
rock and pegmatite.  
Tourmaline samples were hand-picked from rock samples collected in the field and 
subsequently mounted and verified by SEM. Tourmaline grains in the country rock were 
constrained to the pegmatite-country rock contact.  Sampled tourmalines were typically small, 
0.5 to 1 mm, translucent brown in color, and idioblastic.  
Tourmaline can be classified into primary groups based on the dominant occupancy of 
the X site (Henry et al. 2011). Analyzed tourmalines plotted in the primary Alkali Group 
according to the diagram and classification of Henry et al. (2011) (Figure 21). After the primary 
X-site group is established, the appropriate subgroup can be determined within each of the 
primary groups (Henry et al. 2011). For classification, it is recommended that a tourmaline be 
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named for the dominant species in the dominant subgroup, i.e., consistent with the dominant 
constituent of the dominant-valence state (Henry et al. 2011). Tourmalines plotted within the 
Alkali subgroup in Figure 22 indicate schorl composition for all specimens.  
Tourmalines are typically described in terms of their position in the elbaite-schorl series 
or in the schorl-dravite series due to a miscibility gap between dravite and elbaite (Deer et al. 
1962, 1992; Henry & Guidotti 1985). Compositions plotted according to the Na/X(Na+Vac) vs. 
Al/Y(Al+Fe) diagram and classification scheme of Hawthorne & Henry (1999) also indicated that 
the dominant species of tourmaline is of schorl composition (Figure 23).  
Tourmaline grains typically display three general styles of chemical zoning: (1) a lack of 
zoning, (2) a continuous core-to-rim zonation attributed to growth during progressive 
metamorphism, and (3) a zonation marked by a distinct discontinuity apparently representing 
detrital tourmaline grains surrounded by metamorphic tourmaline overgrowths (Henry & 
Guidotti 1985). Analysis of tourmalines were conducted to determine the type and extent of 
zonation that occurred within sampled tourmalines. All sampled tourmalines exhibited a discrete 
lack of zonation indicating homogenization at the time of crystal growth and were not subjected 
to overprinting by subsequent fluid interaction or further metamorphic conditions. Additional 



















Oxides (wt. %) 
SiO2 36.37 36.48 36.62 
TiO2 0.42 0.43 0.25 
B2O3 calc. 10.33 10.39 10.37 
Al2O3 30.87 31.58 30.48 
FeO 14.63 14.17 15.46 
MnO 0.43 0.31 0.14 
MgO 1.07 1.22 1.25 
CaO 0.17 0.17 0.11 
Li2O calc. 0.60 0.47 0.56 
Na2O 2.19 2.07 2.19 
K2O 0.03 0.03 0.02 
H2O calc. 3.27 3.24 3.25 
F 0.61 0.72 0.70 
 new subtotal 100.97 101.27 101.41 
O=F 0.26 0.30 0.29 
O=Cl 0.00 0.00 0.00 
total 100.71 100.97 101.12 
apfu 
Si 6.118 6.101 6.136 
Ti 0.053 0.054 0.032 
B 3.000 2.999 2.999 
Al 6.119 6.219 6.019 
Fe3+ 0.000 0.000 0.000 
Fe2+ 2.059 1.984 2.167 
Mn 0.061 0.044 0.020 
Mg 0.269 0.309 0.313 
Ca 0.030 0.030 0.020 
Li 0.404 0.316 0.377 
Na 0.715 0.670 0.711 
K 0.006 0.006 0.005 
H 3.675 3.623 3.629 
F 0.324 0.377 0.371 
T Al 0.000 0.000 0.001 
Al Y 0.155 0.293 0.090 
Sum T 6.118 6.101 6.137 
Y site total 3.000 2.999 3.000 
OH+F+Cl 4.000 4.000 4.000 
Li, calc (3-Y) 0.404 0.317 0.378 
Al Z 6.000 6.000 6.000 
Na+Ca+K 0.751 0.294 0.736 
X site Vacancy 0.249 6.101 0.264 
Formulas calculated on the basis of 31 anions. B, Li, H2O 
calculated by stoichiometry. Total Fe = FeO, wt. % = weight 













Figure 21. Tourmaline compositions plotted in the Ternary system for the 
primary tourmaline groups based on the dominant occupancy of the X site 

















Figure 22. Tourmaline compositions plotted on the ternary dravite-schorl-elbaite 
subsystem. Note that dravite and schorl are species within alkali-subgroup 1 and 






Figure 23. Tourmaline composition plotted on Na/X(Na+Vac) vs. Al/Y(Al+Fe) diagram showing 




Plagioclase is a solid-solution series of tectosilicate minerals within the feldspar family. 
The series ranges from albite (NaAlSi3O8) to anorthite (CaAl2Si2O8) endmembers where Na and 
Si can substitute for Ca and Al in the mineral's crystal lattice structure. Plagioclase grains were 
identified via SEM and analyzed by EMP. Samples were plotted on the feldspar ternary showing 
oligoclase feldspar composition for all samples (Figure 24). Analyses of plagioclase are located 
in Appendix 2 Table 16.  
 
 
           
Figure 24. Feldspar ternary diagram showing representative plagioclase 




The amphibole group consists of double chains of silicate tetrahedra with the general 
formula: 
A B2 C5 T8 O22 W2 
where: 
A = Na, K, □, Ca, Li 
B = Na, Li, Ca, Mn2+, Fe2+, Mg 
C = Mg, Fe2+, Mn2+, Al, Fe3+, Mn3+, Ti4+, Li 
D = Al3+, Fe3+, Mg2+, Fe2+ 
T = Si, Al, Ti4+ 
W = (OH), F, Cl, O2- 
Minor elements such as Zn, Ni2+, Co2+, V3+, Sc, Cr3+, and Zr are also observed 
substituting into the C site (Hawthorne & Oberti 2007). Amphibole was only found as an 
accessory mineral in two samples, both at distances >8 m from the contact (CR3) (Figure 25). 
Analysis by thin section, SEM and EMP resulted in no discovery of amphibole in any other 
sample, including additional samples of country rock taken at distances of >8 m (CR3). EMP 
analysis of amphibole from the two samples containing the mineral yielded magnesio-
hornblende composition according to the classification of Leake et al. (1997) (Table 7). This 
classification is based on the assumption of no Fe3+ according to titration of biotite. Additional 




Table 8. Representative microprobe analyses of amphibole  
Assuming 16 cations assuming no A - site vacancies 
    
  
Sample 2A (CR3) Country rock > 8 m from contact 
       
  
 
Wt% Mol Prop At Prop O No anions 
 
Formula Normalized form. 
    
  
SiO2 44.640 0.743 1.486 13.103 Si 6.552 6.807 
    
  
TiO2 0.831 0.010 0.021 0.183 Ti 0.092 0.095 
    
  
Al2O3 13.775 0.135 0.405 3.574 Al 2.383 2.476 
    
  
Cr2O3 0.000 0.000 0.000 0.000 Cr 0.000 0.000 
    
  
FeO 15.049 0.209 0.209 1.847 Fe(ii) 1.847 1.919 
    
  
MnO 0.160 0.002 0.002 0.020 Mn 0.020 0.021 
    
  
MgO 10.720 0.266 0.266 2.346 Mg 2.346 2.437 
    
  
CaO 10.773 0.192 0.192 1.694 Ca 1.694 1.760 
    
  
Na2O 1.557 0.025 0.025 0.221 Na 0.443 0.460 
    
  
K2O 0.130 0.001 0.001 0.012 K 0.024 0.025 
  
Si 6.552 Formula for 
classification: 
Si           6.552 
Al          1.448 
 
Al          0.934 
Fe(iii)    0.000 
Ti           0.092 
Cr           0.000 
Fe(ii)      1.847 
Mn          0.020 
Mg          2.346 
Ca           1.694 
Na           0.443 
K             0.024 
TOTAL  15.399 
ZrO2 0.000 0.000 0.000 0.000 Zr 0.000 0.000 
  





TOTAL 15.399 16.000 
  
T 8.000 
   
No. Oxygens 23
     
Al (vi) 0.934 
   
T2 8.818 
   
Cation total  (S) 15.399 Ti 0.092 
      
T = 16 
 
T/S 1.039 Cr 0.000 
    
Formula 
   














   
































































A 0.399   
      
TOTAL 15.399 
    
  












           Si 6.552 
           Al 1.448 
           
   
ST Sites (Si, Al) 
         Al 0.934 
 
8.000 
         Fe(iii) 0.000 
           Cr 0.092 
 
SC Sites (Mg, Fe etc) 






 Ti 0.000 
 
5.238 
   
Tremolite FALSE Richterite FALSE Ferro-glaucophane FALSE
Fe(ii) 1.847 
     
Actinolite FALSE Ferro-richterite FALSE Glaucophane FALSE 
Mn 0.020 
 
SB Sites (Ca, Na) CaB 1.694 
 
Ferro-actinolite FALSE Magnesio-katophorite FALSE Riebeckite FALSE 
Mg 2.346 
 
2.000 NaB 0.306 
 
Magnesio-hornblende TRUE Katophorite FALSE Magnesio-riebekite FALSE 
Ca 1.694 
     
Ferro-hornblende FALSE Magnesio-taramite FALSE Ferro-eckermannite FALSE 
Na 0.443 
 
SA Sites (Na, K) NaA 0.137
 
Tschermakite FALSE Taramite FALSE Eckermannite FALSE 
K 0.024 
 
0.161 KA 0.024 
 
Ferro-tschermakite FALSE Winchite FALSE Arfvedsonite FALSE 
TOTAL 15.399 
     
Edenite FALSE Ferro-winchite FALSE Magnesio-arfvedsonite FALSE 
   
Mg/(Mg+Fe2+) 
   
Ferro-edenite FALSE Barroisite FALSE Ferro-nyboite FALSE 
   
0.559 
   
Pargasite FALSE Ferro-barroisite FALSE Nyboite FALSE 




   
Fe3+/(Fe3++[6]Al) 




   
0.000 
   
Magnesio-hastingsite FALSE 
    
       
Magnesio-sadanagaite FALSE 
    
       
Sadanagaite FALSE 
    
       
Kaersutite FALSE 
    
       
Ferro-kaersutite FALSE 
    Calculations based on the classification by Leake et al. (1997) 













Figure 25. Representative sample of (CR3) in thin section with 





Apatite is a group of phosphate minerals. The general formula of end-member apatite is  
Ca5(PO4)3(OH,F,Cl) 
where 
Ca5(PO4)3(OH)  = Apatite-(CaOH) (hydroxylapatite) 
Ca5(PO4)3(F) = Apatite-(CaF) (fluorapatite) 
Ca5(PO4)3(Cl) = Apatite-(CaCl) (chlorapatite) 
 
Small (between 0.3 mm to 0.5 mm), euhedral grains of Apatite-(CaF) (fluorapatite) was found in 





Table 9. Representative EMP analyses of apatite 
 
6A.4.2-1 6A.4.2-2 6A.4.2-3 6A.4.2-4 6A.4.2-5 6A.4.2-6 6A.4.2-1 6A.4.2-2 6A.4.1-1 6A.4.1-2 6B-1 6B-2 
Oxides (wt. %) 
P2O5 41.68 41.55 41.71 41.66 41.56 41.69 41.78 42.01 41.72 41.65 41.78 41.79 
SiO2 0.01 0.02 0.00 0.04 0.03 0.02 0.00 0.00 0.03 0.05 0.03 0.00 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al2O3 0.02 0.04 0.03 0.05 0.03 0.03 0.02 0.03 0.11 0.05 0.06 0.00 
FeO 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.02 0.01 0.00 0.01 
MgO 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 
MnO 0.87 0.91 0.21 0.17 0.23 0.21 0.12 0.13 0.18 0.11 0.13 0.03 
CaO 54.66 54.52 55.51 55.50 55.40 55.37 55.33 55.43 54.99 55.44 55.34 55.43 
SrO 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.03 0.01 0.01 0.01 
F 3.10 3.01 2.98 3.01 2.99 3.02 2.89 3.01 3.00 3.09 3.11 3.38 
H2O calc. 0.30 0.34 0.36 0.35 0.35 0.34 0.40 0.35 0.35 0.31 0.30 0.17 
Sub total  100.68 100.43 100.83 100.80 100.63 100.71 100.57 100.98 100.45 100.72 100.77 100.82 
F=O 1.31 1.27 1.26 1.27 1.26 1.27 1.22 1.27 1.26 1.30 1.31 1.42 
TOTAL 99.37 99.16 99.58 99.53 99.37 99.44 99.35 99.71 99.18 99.42 99.46 99.40 
apfu 
Si 0.001 0.002 0.000 0.004 0.003 0.002 0.000 0.000 0.003 0.004 0.003 0.000 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 0.002 0.004 0.002 0.004 0.002 0.002 0.002 0.003 0.011 0.005 0.006 0.000 
Fe 0.001 0.001 0.000 0.000 0.001 0.001 0.001 0.000 0.001 0.000 0.000 0.001 
Mg 0.001 0.001 0.001 0.000 0.001 0.001 0.000 0.000 0.001 0.000 0.000 0.000 
Mn 0.062 0.065 0.015 0.012 0.017 0.015 0.008 0.010 0.013 0.008 0.010 0.002 
Ca 4.959 4.958 5.023 5.024 5.025 5.015 5.012 5.000 4.987 5.022 5.007 5.020 
Sr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
P 2.988 2.986 2.982 2.980 2.978 2.984 2.990 2.994 2.989 2.981 2.987 2.991 
F  0.830 0.808 0.796 0.804 0.800 0.808 0.773 0.802 0.803 0.827 0.830 0.904 
H 0.170 0.192 0.204 0.196 0.200 0.192 0.227 0.198 0.197 0.173 0.170 0.095 
X Site total  5.026 5.029 5.042 5.041 5.046 5.034 5.023 5.012 5.014 5.036 5.023 5.023 
Y Site total  2.989 2.988 2.982 2.983 2.981 2.986 2.990 2.994 2.992 2.985 2.990 2.991 
Z Site total  1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.999 
Formulas calculated on the basis of 13 anions. Total Fe = FeO, wt. % = weight percent, apfu = atoms per formula unit.  
 59 
 
Minor Components  
Minor components found in the country rock at Mt. Mica include, magnetite (Fe3O4) and 
ilmenite (FeTiO3). Ilmenite was found in two samples of country rock at >8 m from the contact 
(CR3). The ilmenite EMP analysis was calculated by the GabbroSoft ILMNCALC Spreadsheet 
(Table 10). Additional ilmenite analyses are located in Appendix 2 Table 18. Inclusions of 
monazite ((Ce,La)PO4) and zircon (ZrSiO4) were also found within tourmaline and garnet grains 









Table 10. Representative chemical analysis of ilmenite 
Sample 2A-4 (CR3) country rock above mine, >8 m from contact  
 
Wt% Mol Prop At Prop O # anions Formula 
 
Norm 
SiO2 0.022 0.000 0.001 0.002 Si 0.001 0.001 
TiO2 49.665 0.622 1.243 3.854 Ti 1.927 1.894 
Nb2O5 0.000 0.000 0.000 0.000 Nb 0.000 0.000 
Al2O3 0.030 0.000 0.001 0.003 Al 0.002 0.002 
FeO 49.210 0.685 0.685 2.123 Fe(ii) 2.123 2.086 
MnO 0.321 0.005 0.005 0.014 Mn 0.014 0.014 
MgO 0.042 0.001 0.001 0.003 Mg 0.003 0.003 





TOTAL 4.071 4.000 
        
































   FeO 44.283 
 
Fe(ii) 1.877 





 MgO 0.042 
 
Mg 0.003 
   CaO 0.012 
 
Ca 0.001 
   TOTAL 99.850 
 
TOTAL 4.000 
   Formulas calculated on the basis of 6 oxygens. FeO = Total Fe; wt. % = weight percent, mol prop = molecular proportions 
GabbroSoft ILMNCALC Spreadsheet 2012 
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BIOTITE – GARNET THERMOMETRY 
Biotite-garnet thermometry was conducted on country rock samples containing the 
mineral pairs. Calculations and non-ideal mixing parameters of Bhattacharya et al. (1992) were 
used to determine temperatures range of 600-660 °C (Figure 26). Thus, the average country rock 
temperature of the country rock is estimated at 630 °C.  
Based on the gradational nature of the contact where the pegmatite and leucosomes are 
indistinguishable, inferences can be made that the pegmatite and its surrounding country rock 
were in thermal equilibrium at approximately 630 °C. This is also in agreement with 
observational cross-cutting textures where temperatures did not reach the thermal minimum 
needed to melt and assimilate the mafic melanosome component. Biotite-garnet thermometry 










Figure 26. Biotite – Garnet Thermometry diagram based on calculations and non-ideal mixing 
parameters of Bhattacharya et al. (1992); GS - Ganguly and Saxena (1984); HW - Hacker and 






Using the diagram of temperature vs. oxygen fugacity (fO
2
) contoured with the Fe2+/(Fe2+ 
+ Fe3+) ratio of Wones & Eugster (1965), fO
2
 at Mt. Mica can be estimated and oxidizing 
conditions can be determined. Measured biotite Fe3+/Fe2+ ratios were used to calculate oxygen 
fugacity, based on biotite-garnet thermometry, P-T estimates from mineral assemblages, and the 
phase equilibria (Guidry, 2013). According to the diagram of Wones & Eugster (1965), which 
plots temperature vs. oxygen fugacity contoured with the Fe2+/(Fe2+ + Fe3+) ratio, an fO
2
 was 
determined to be -18 (Figure 27). Thus, if thermal equilibrium with the host rock is assumed, as 
indicated by the gradational nature of the leucosome-pegmatite contact, it appears that the fO
2 
of 
the pegmatite and the host rock are both approximately -18. This value suggests that the country 
rock and pegmatite formed under oxidizing conditions near the quartz-fayalite-magnetite (QFM) 
equilibria buffer which is an important constraint at which many igneous and metamorphic rocks 










Figure 27. Oxygen fugacity diagram indicating results from garnet-biotite 
thermometry (black dotted line) (Modified from Wones & Eugster 1965).  
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WHOLE ROCK RARE EARTH ELEMENT GEOCHEMISTRY 
 
Rare earth elements (REE), in particular, are very informative in revealing various 
chemical fractionation processes in geological systems (Laul & Lepel 1987). Whole Rock 
analysis of trace elements was performed on 45 drilled cores of pegmatite and leucosome 
samples using standard methods (see Methods). Several country rock melanosome samples were 
also analyzed. Data was plotted using IgPet (2007) software. The lanthanides (commonly known 
as the rare-earth elements or REE) analyses (in ppm) are listed in Appendix 2 Table 20.  
 Analysis of the whole rock composition of the leucosome components of the migmatitic 
country rock shows an REE content notably similar to pegmatite whole rock REE content and 
highlights an Eu-anomaly trend which appears to support a possible anatectic origin of the 








Figure 28. Whole-rock chondrite normalized REE plot of composite country rock melanosome at 
contact (black), composite pegmatite contact (purple), composite country rock leucosome (green) 





Exomorphism does not appear to have been significant at Mt. Mica. The composition of 
the country rock at Mt. Mica is a quartz-biotite schist which would have allowed for fluid 
migration as evidenced by previous exomorphism studies (Shearer et al. 1986, 1988). Due to the 
moderately evolved nature of the B-rich Mt. Mica pegmatite (Simmons et al. 2013), fluid 
leakage to the surrounding country rock was minimal. As evidenced by the formation of 
homogeneous schorlitic tourmaline in the melanosome component of the country rock at the 
contact, B-rich fluid migration into the surrounding country rock was constrained to within 15 
cm from the contact. Results indicate no enrichment of alkali elements (Li, Rb, Cs), As, U, or F 
(typically the most mobile) occurred in the minerals analyzed by this study. The correspondence 
of the Fe/(Fe+Mg) ratio between tourmaline, garnet, biotite and muscovite confirms the minor 
















Figure 29. Averaged Fe/(Fe+Mg) ratios for garnet, tourmaline, muscovite, and biotite with respect to 
pegmatite-country rock contact.  
 68 
 
The evidence (or lack thereof) of enriched pegmatitic fluid leakage into the country rock 
is further complicated by the complex history of metamorphism of the migmatitic host rock. A 
complete study on the heterogeneous migmatization of the country rock at Mt. Mica goes beyond 
the scope of this study.   
 However, based on the observed structures and further evidenced by the homogenous 
nature of the garnet in the country rock and biotite-garnet thermometry conducted on country 
rock samples of the migmatite it is likely that the intrusion of the Mt. Mica pegmatite into the 
host rock occurred as a coeval contact metamorphic process. Based on the gradational nature of 
the contact where the pegmatite and leucosomes are indistinguishable, and similar chemical 
signatures, it is inferred that the pegmatite and its surrounding country rock were in thermal 
equilibrium at approximately 630 °C. This is also in agreement with observational cross-cutting 
textures where temperatures did not reach the thermal minimum needed to assimilate the mafic 
melanosome component of the country rock.  
Oxygen fugacity of fO
2
-18 was determined based on biotite-garnet thermometry, P-T 
estimates from mineral assemblages, and the phase equilibria (Guidry et al. 2013). The results 
indicate that the country rock and pegmatite formed under similar oxidizing conditions near the 
quartz-fayalite-magnetite (QFM) equilibria buffer. Whole rock (REE) analysis indicates an 
interaction trend between the country rock and pegmatite indicating the pegmatite could have 
formed as a result of partial melting of the migmatite.  
The possible anatectic origin of the Mt. Mica pegmatite is further evidenced based on 
observed structures; (1) a sharp, visually distinct pegmatite-country rock contact where 
pegmatite cuts the melanosome component of the migmatite, (2) gradational contact lacking a 
chill margin or comb structure where the pegmatite meets chemically-similar leucosome within 
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the migmatite. However, based on analytical and observational evidence it is concluded that Mt. 
Mica did not form in situ and either migrated or was injected into the country rock during the 
metamorphic conditions that formed the migmatite.  
The geochemistry and mineralogy of this study records a complex geologic history. This 
study suggests further investigation into the mineral assemblages of the migmatite is needed in 
order to determine a comprehensive thermodynamic metamorphic history as it relates to the 
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PREVIOUS STUDIES ON EXOMORPHISM 
 
Alteration surrounding pegmatites has been attributed to fluids derived by exsolution 
from the crystallizing volatile-rich granitic magma (Jahns 1982, Shearer et al. 1986). The extent 
of element migration can be determined through analysis of pegmatite-country rock interface 
mineralogy. Metasomatic leakage of pegmatite-derived fluids into metamorphic host rock can 
alter primary metamorphic mineral assemblages to form secondary metamorphic mineral 
assemblages. These assemblages can be analyzed for contrasting chemical signatures which can 
determine the extent of metasomatism. The extent of metasomatism can allow for determination 
of the evolution of pegmatitic fluids and mechanisms of emplacement.  
The accepted controlling factors of exomorphism are; (1) The enrichment of elements such 
as Li, Rb, Cs, B, Ta and Nb in pegmatite fluids as determined by original magma composition or 
pegmatite type, (2) the degree of fractionation of the pegmatite, (3) post-intrusion fluid 
evolution, (4) the presence and/or extent of hydrothermal fluids, (5) country rock composition, 
and (6) the degree of metamorphism (Laul et al. 1984; London, 1986; Shearer & Papike 1986, 
1988; Shearer et al. 1986; Spilde & Shearer 1992; London et al. 1996; Nabelek et al. 2006). 
Several examples of exomorphism are listed below. The examples listed below are not to serve 
as a complete list of pegmatite locations that produced exomorphism in their host rocks. 
However, they do show a variety of exomorphic reactions that can occur and the mineral 






Pegmatites of Black Hills, South Dakota 
Exomorphism is well-documented at numerous pegmatites and in their surrounding host 
rock.  The most well-known examples of extensive alteration halos occur in the host rock of 
several pegmatites located in Black Hills, South Dakota. The Black Hills pegmatites (Etta, Bob 
Ingersoll No. 1, and Peerless pegmatites) are zoned and associated with the Harney Peak Granite 
(Shearer et al. 1986). These pegmatites are hosted by a regionally metamorphosed to staurolite 
grade quartz-mica schist that exhibits either: a prograde metamorphic mineral assemblage; a 
retrograde metamorphic mineral assemblage, or an alteration mineral assemblage (Shearer et al. 
1986). Shearer et al. (1986) states that retrograde assemblages and textures do not appear to be 
related to the intrusion of individual pegmatites, although changes in mineral chemistries may 
have resulted through continuous retrograde reactions during postmetamorphic re-equilibration 
with pegmatite-derived aqueous fluids (Shearer et al. 1986) 
Alteration assemblages in immediate contact with the pegmatites consist of either B-rich 
assemblages (quartz + biotite + muscovite + tourmaline and quartz + muscovite + tourmaline) or 
aluminous, B-poor assemblages (muscovite + plagioclase + quartz), both resulting from the 
instability of biotite with increasing B2O3 and/or [Al / (Na + K)] (Shearer et al. 1986).  At the 
spodumene-bearing Etta pegmatite, dispersion halos in the quartz-mica schist country rock are 
enriched in alkali elements (Li, Rb, Cs), As, and U (Shearer et al. 1986). At the Bob Ingersoll 
No. 1 and Peerless lepidolite- or lithia mica-bearing (spodumene absent) pegmatites, the quartz-
mica schist country rock is enriched in alkali elements (Li, Rb, Cs), As, U, B and F (Shearer et 
al. 1986). Trace-element modeling determined the extent of fluid infiltration and showed the 




Shearer et al. (1986) state the following conclusions; (1) Compositional characteristics of 
dispersion halos are related to the mineralogy of the associated pegmatite and the complex 
pegmatite-derived fluid with high solute concentrations, (2) the extent of the dispersion halos is 
strongly dependent upon the mechanism of migration and the relative rock reactivity to the 
solution, (3) Li, Rb, Cs and F in solution preferentially enter biotite over coexisting muscovite, 
(4) trace-element modeling can result in the determination of the mass of water equilibration 
with the schist near the contact and, (5) High solubility of many elements may be a result of the 
strong complexing ability of B and F, such as the strongly increasing solubility of SiO2 in 
aqueous fluids with the addition of B2O3 in the system SiO2-B2O3-H2O and/or with increasing F 
in aqueous systems.  
However, Shearer et al. (1986) also state alkali element concentrations do not have as 
high of solute concentrations as the Tanco pegmatite (London 1982, 1986, see Tanco Pegmatite) 














The Edison pegmatite is also located in Black Hills, South Dakota and spatially related to 
the Harney Peak Granite (Shearer et al. 1988). The pegmatite is classified as a rare-element type 
with mineralogical characteristics ranging from barren to Li-, Rb-, Cs-, Be-, Ta-, and Nb-
enriched types (Shearer et al. 1988). The Edison pegmatite consists of two mineralogically and 
texturally distinct zones; (1) the wall zone consisting of albite-quartz assemblages with variable 
amounts of muscovite, beryl, microcline, lithiophilite-triphylite, columbite-tantalite, apatite, and 
tourmaline and (2) quartz-spodumene-albite mineral assemblages, which occur as four separate 
bodies within the pegmatite (Shearer et al. 1988). Differences between the Edison pegmatite and 
the aforementioned pegmatites can be attributed to contrasting pegmatite types, pegmatite-
derived fluid compositions, and host rock compositions. The Edison pegmatite intrudes 
amphibolite, iron formation (grunerite schist and quartzite) and mica-garnet schist country rock 
(Shearer et al. 1988). Findings by Shearer et al. (1988) show the transport of alkali elements (Li, 
Rb, Cs), B, Ta, and Nb out of the pegmatite into the host rock to form holmquistite-bearing 
assemblages.  
Three amphibolite assemblages are distinguished: (1) biotite alteration assemblage, (2) 
hornblende-holmquistite alteration assemblage, and (3) hornblende-plagioclase assemblage 
(Shearer et al. 1988).  The pegmatite-derived fluids at the Edison pegmatite that produced the 
exomorphism in the country rock were enriched in K+ and Li+ and concentrations of B was low 







Tanco Pegmatite  
Exomorphism at the Tanco pegmatite has been studied extensively for its unique 
mineralogy due to its distinctive, highly evolved nature (London 1986, Morgan et al. 1987, 
Černý et al. 1998, Selway et al. 2000). The pegmatite is located in southeastern Manitoba, 
Canada (Černý et al. 1998). It is classified as a rare-element, petalite-subtype pegmatite because 
the abundance of spodumene + quartz intergrowths formed by the breakdown of petalite 
indicates that petalite was the dominant Li-bearing mineral in the pegmatite (Selway et al. 2000).  
Morgan & London (1987) describe the host rock at the Tanco as amphibolite that records 
three episodes of metasomatic alteration by pegmatite-derived fluids; (1) B (± Li) metasomatism 
(tourmalization), (2) K-Rb-Cs-F (± Li) metasomatism (formation of metasomatic biotite), and (3) 
propylitic alteration (Hbl + Pl → Ep + Chl + Ttn + Cal + clay) with concomitant influx of Li and 
CO2. Morgan et al. (1987), explain further that holmquistite is present in all three mineral 
assemblages, which serves as a sink for Li and, all pegmatite-related metasomatic alteration took 
place at greenschist-facies conditions (T ≤ 500-550 °C, P ≤ 300 MPa).  
The first episode of amphibolite metasomatic alteration, tourmalization, described by 
Morgan et al. (1987), is characterized by Selway et al. (2000). The amphibolite (metagabbro) is 
metasomatically altered to tourmaline and magnesian annite close to the contact (see Selway et 
al. 2000). Aluminum is particularly soluble in B-rich aqueous fluids, and an influx of Al (in 









Table 11. Fusion ICP Trace Elements Detection 
Limits* 






Ce 0.1 3,000 ICP/MS 
Dy 0.1 1,000 ICP/MS 
Er 0.1 1,000 ICP/MS 
Eu 0.05 1,000 ICP/MS 
Gd 0.1 1,000 ICP/MS 
Ho 0.1 1,000 ICP/MS 
La 0.1 2,000 ICP/MS 
Lu 0.04 1,000 ICP/MS 
Nd 0.1 2,000 ICP/MS 
Pr 0.05 1,000 ICP/MS 
Sc 1 - ICP 
Sm 0.1 1,000 ICP/MS 
Tb 0.1 1,000 ICP/MS 
Tm 0.05 1,000 ICP/MS 
Y 2 10,000 ICP 
Yb 0.1 1,000 ICP/MS 







Table 12. EMP analysis of muscovite  
 
6A.3.1-1 6A.3.1-2 6A.4.2-1 6A.4.2-2 6A.4.2-3 6A.4.2-1 6A.4.2-2 6A.4.2-3 6A.4.2-4 
Oxides (wt. %) 
SiO2 45.24 45.32 45.61 45.58 45.47 45.71 45.70 46.56 46.71 
TiO2 0.02 0.02 0.17 0.17 0.14 0.18 0.17 0.14 0.14 
Al2O3 37.31 37.37 37.66 37.59 37.54 38.21 38.36 38.34 38.41 
FeO 1.76 1.76 1.18 1.20 1.34 1.05 1.12 1.22 1.26 
MnO 0.08 0.05 0.05 0.05 0.04 0.08 0.08 0.11 0.11 
MgO 0.07 0.06 0.03 0.03 0.02 0.02 0.02 0.01 0.02 
CaO 0.01 0.02 0.03 0.03 0.03 0.04 0.05 0.07 0.09 
Rb2O 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.01 
Cs2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Li2O calc.  0.23 0.23 0.22 0.20 0.27 0.24 0.23 0.24 0.28 
Na2O 0.38 0.42 0.29 0.32 0.44 0.34 0.37 0.46 0.47 
K2O 8.76 8.73 9.23 9.28 9.28 8.66 8.50 8.37 8.32 
H2O 4.02 4.02 4.07 4.09 4.00 4.06 4.08 4.11 4.08 
F 0.98 0.98 0.95 0.89 1.09 1.01 0.98 1.01 1.10 
Sub Total 98.87 99.00 99.49 99.44 99.67 99.60 99.66 100.65 100.99 
O=F 0.41 0.41 0.40 0.38 0.46 0.43 0.41 0.43 0.47 
Total 98.46 98.58 99.08 99.06 99.21 99.18 99.25 100.22 100.53 
apfu 
Si 6.049 6.050 6.054 6.055 6.039 6.037 6.028 6.076 6.077 
Ti 0.002 0.002 0.017 0.017 0.014 0.017 0.017 0.014 0.014 
Al 5.879 5.880 5.890 5.884 5.877 5.946 5.963 5.897 5.889 
Fe3+  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+  0.197 0.197 0.131 0.133 0.149 0.115 0.124 0.133 0.137 
Mn  0.009 0.006 0.006 0.005 0.005 0.009 0.009 0.012 0.012 
Mg  0.013 0.011 0.006 0.006 0.003 0.003 0.004 0.003 0.003 
Ca  0.002 0.002 0.005 0.004 0.005 0.006 0.007 0.009 0.012 
Rb  0.001 0.001 0.000 0.001 0.000 0.001 0.001 0.000 0.001 
Cs 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Li  calc.  0.124 0.124 0.118 0.106 0.145 0.128 0.121 0.126 0.144 
Na  0.099 0.109 0.074 0.082 0.113 0.088 0.095 0.115 0.117 
K  1.493 1.487 1.563 1.572 1.572 1.458 1.430 1.393 1.381 
H 3.584 3.585 3.599 3.624 3.541 3.577 3.592 3.582 3.545 
F 0.416 0.415 0.400 0.376 0.459 0.423 0.408 0.417 0.454 
Al T 1.951 1.950 1.946 1.945 1.961 1.963 1.972 1.924 1.923 
Al O 3.928 3.930 3.944 3.939 3.917 3.983 3.990 3.973 3.966 
Tetrahedral Site 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Octahedral Site 4.273 4.269 4.220 4.208 4.233 4.257 4.265 4.262 4.276 
Alkali Site 1.595 1.600 1.642 1.658 1.690 1.553 1.533 1.517 1.511 
Hydroxyl Site  4.000 4.000 4.000 3.999 4.000 4.000 3.999 3.999 3.999 
Sum Tetrahedral 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Tetrahedral Al 1.951 1.950 1.946 1.945 1.961 1.963 1.972 1.924 1.923 
Octahedral Al 3.928 3.930 3.944 3.939 3.917 3.983 3.990 3.973 3.966 
Sum Octahedral 4.273 4.269 4.220 4.208 4.233 4.257 4.265 4.262 4.276 
Sum x-site (alkali) 1.595 1.600 1.642 1.658 1.690 1.553 1.533 1.517 1.511 
Sum w-site (Hydroxyl) 4.000 4.000 4.000 3.999 4.000 4.000 3.999 3.999 3.999 
Mg - Li  -0.111 -0.113 -0.112 -0.101 -0.142 -0.125 -0.117 -0.124 -0.142 
Fe(tot)+Mn+Ti-VIAl -3.720 -3.726 -3.790 -3.783 -3.748 -3.841 -3.840 -3.813 -3.804 







Table 12. EMP analysis of muscovite (cont.)  
 
3A-1 3A-2 3A-3 5A-1 5A-2 5A-1 5A-2 6A.3.4-1 
Oxides (wt. %) 
SiO2 45.45 45.51 45.54 45.60 45.71 45.39 45.44 45.45 
TiO2 0.03 0.03 0.02 0.12 0.12 0.25 0.23 0.19 
Al2O3 37.34 37.45 37.52 37.79 37.75 37.22 37.32 37.45 
FeO 2.29 2.32 2.28 1.30 1.32 2.77 2.44 1.66 
MnO 0.10 0.12 0.10 0.03 0.05 0.02 0.02 0.07 
MgO 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.03 
CaO 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.02 
Rb2O 0.02 0.02 0.02 0.01 0.00 0.01 0.01 0.01 
Cs2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Li2O calc.  0.23 0.24 0.27 0.16 0.13 0.16 0.16 0.20 
Na2O 0.65 0.65 0.67 0.12 0.11 0.16 0.14 0.36 
K2O 8.45 8.47 8.51 9.53 9.45 9.33 9.42 9.12 
H2O 4.04 4.04 4.01 4.15 4.20 4.14 4.15 4.08 
F 0.98 1.01 1.09 0.78 0.67 0.79 0.78 0.90 
Sub Total 99.61 99.90 100.08 99.63 99.55 100.26 100.13 99.51 
O=F 0.41 0.43 0.46 0.33 0.28 0.33 0.33 0.38 
Total 99.20 99.47 99.62 99.30 99.27 99.93 99.80 99.14 
apfu 
Si 6.042 6.035 6.032 6.048 6.061 6.024 6.031 6.043 
Ti  0.003 0.003 0.002 0.012 0.012 0.024 0.022 0.019 
Al 5.850 5.854 5.855 5.907 5.898 5.822 5.838 5.870 
Fe3+  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+  0.254 0.257 0.252 0.144 0.147 0.307 0.271 0.184 
Mn  0.011 0.013 0.012 0.004 0.005 0.002 0.002 0.007 
Mg  0.004 0.005 0.005 0.004 0.005 0.004 0.004 0.005 
Ca  0.003 0.003 0.003 0.002 0.002 0.002 0.002 0.003 
Rb  0.001 0.001 0.001 0.001 0.000 0.001 0.001 0.001 
Cs 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Li calc.  0.123 0.129 0.145 0.085 0.069 0.087 0.086 0.107 
Na  0.166 0.168 0.173 0.031 0.028 0.040 0.035 0.092 
K  1.432 1.432 1.438 1.613 1.598 1.580 1.594 1.546 
H 3.587 3.575 3.542 3.675 3.717 3.670 3.673 3.622 
F 0.413 0.424 0.458 0.325 0.283 0.330 0.327 0.377 
Al T 1.958 1.965 1.968 1.952 1.939 1.976 1.969 1.957 
Al O 3.892 3.889 3.887 3.955 3.959 3.847 3.868 3.913 
Tetrahedral Site 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Octahedral Site 4.288 4.296 4.302 4.205 4.197 4.272 4.254 4.235 
Alkali Site 1.603 1.603 1.615 1.647 1.628 1.623 1.632 1.642 
Hydroxyl Site  4.000 4.000 4.000 4.000 4.000 4.000 4.000 3.999 
Sum Tetrahedral 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Tetrahedral Al 1.958 1.965 1.968 1.952 1.939 1.976 1.969 1.957 
Octahedral Al 3.892 3.889 3.887 3.955 3.959 3.847 3.868 3.913 
Sum Octahedral 4.288 4.296 4.302 4.205 4.197 4.272 4.254 4.235 
Sum x-site (alkali) 1.603 1.603 1.615 1.647 1.628 1.623 1.632 1.642 
Sum w-site (Hydroxyl) 4.000 4.000 4.000 4.000 4.000 4.000 4.000 3.999 
Mg - Li  -0.119 -0.124 -0.140 -0.081 -0.064 -0.084 -0.082 -0.102 
Fe(tot)+Mn+Ti-VIAl -3.624 -3.616 -3.621 -3.796 -3.795 -3.513 -3.573 -3.702 









Table 12. EMP analysis of muscovite (cont.)  
 
6A.3.4-2 6A.4.3-1 6A.4.3-2 7A-1 7A-2 4A-1 4A-2 4A-3 
Oxides (wt. %) 
SiO2 45.39 45.68 45.64 45.68 45.59 45.51 45.53 45.49 
TiO2 0.23 0.19 0.19 0.13 0.14 0.04 0.05 0.04 
Al2O3 37.39 37.86 37.89 37.85 37.87 37.51 37.38 37.42 
FeO 1.61 1.10 1.10 1.32 1.22 2.51 2.44 2.39 
MnO 0.07 0.05 0.05 0.05 0.07 0.09 0.10 0.08 
MgO 0.03 0.01 0.01 0.01 0.01 0.03 0.03 0.03 
CaO 0.02 0.04 0.05 0.02 0.03 0.02 0.02 0.02 
Rb2O 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 
Cs2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Li2O calc.  0.22 0.23 0.21 0.19 0.23 0.28 0.27 0.26 
Na2O 0.35 0.42 0.38 0.22 0.32 0.58 0.58 0.56 
K2O 9.22 8.88 8.78 9.21 8.78 8.56 8.67 8.73 
H2O 4.05 4.07 4.08 4.11 4.05 4.01 4.02 4.02 
F 0.96 0.97 0.94 0.88 0.99 1.10 1.08 1.06 
Sub Total 99.55 99.49 99.32 99.69 99.30 100.26 100.17 100.11 
O=F 0.40 0.41 0.39 0.37 0.42 0.46 0.45 0.45 
Total 99.15 99.09 98.93 99.32 98.88 99.80 99.72 99.66 
apfu 
Si 6.039 6.050 6.050 6.049 6.048 6.024 6.033 6.031 
Ti 0.023 0.019 0.019 0.013 0.014 0.004 0.005 0.004 
Al 5.862 5.909 5.918 5.906 5.920 5.851 5.836 5.846 
Fe3+  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+  0.179 0.122 0.122 0.146 0.135 0.278 0.270 0.265 
Mn  0.008 0.005 0.006 0.006 0.008 0.010 0.011 0.009 
Mg  0.006 0.002 0.002 0.003 0.002 0.005 0.006 0.005 
Ca  0.003 0.006 0.008 0.003 0.005 0.003 0.003 0.003 
Rb  0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.002 
Cs 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Li calc.  0.118 0.120 0.114 0.103 0.124 0.146 0.141 0.139 
Na 0.090 0.108 0.097 0.057 0.083 0.148 0.150 0.143 
K  1.564 1.500 1.484 1.556 1.485 1.446 1.466 1.477 
H 3.598 3.595 3.607 3.631 3.586 3.540 3.549 3.554 
F  0.402 0.405 0.392 0.368 0.414 0.460 0.451 0.446 
TAl 1.961 1.950 1.950 1.951 1.952 1.976 1.967 1.969 
OAl  3.901 3.959 3.969 3.955 3.968 3.875 3.869 3.876 
Tetrahedral Site 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Octahedral Site 4.235 4.226 4.231 4.227 4.251 4.318 4.303 4.298 
Alkali Site 1.658 1.615 1.589 1.617 1.574 1.599 1.620 1.624 
Hydroxyl Site  4.000 4.000 3.999 3.999 4.000 4.000 4.000 4.000 
Sum Tetrahedral 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Tetrahedral Al 1.961 1.950 1.950 1.951 1.952 1.976 1.967 1.969 
Octahedral Al 3.901 3.959 3.969 3.955 3.968 3.875 3.869 3.876 
Sum Octahedral 4.235 4.226 4.231 4.227 4.251 4.318 4.303 4.298 
Sum x-site (alkali) 1.658 1.615 1.589 1.617 1.574 1.599 1.620 1.624 
Sum w-site (Hydroxyl) 4.000 4.000 3.999 3.999 4.000 4.000 4.000 4.000 
Mg - Li  -0.112 -0.118 -0.112 -0.101 -0.122 -0.141 -0.135 -0.134 
Fe(tot)+Mn+Ti-VIAl -3.690 -3.813 -3.822 -3.789 -3.812 -3.582 -3.583 -3.599 










Table 12. EMP analysis of muscovite (cont.)  
 
8CR-1 8CR-2 8CR-3 8CR-4 15.1 15.2 15.2 15.2 
Oxides (wt. %) 
SiO2 45.49 45.53 45.39 45.54 45.77 45.70 45.73 45.67 
TiO2 0.24 0.28 0.25 0.23 0.08 0.08 0.10 0.09 
Al2O3 37.57 37.55 37.67 37.66 37.81 37.84 37.79 37.70 
FeO 1.45 1.38 1.28 1.41 1.43 1.38 1.41 1.43 
MnO 0.04 0.03 0.04 0.02 0.08 0.08 0.06 0.06 
MgO 0.02 0.03 0.03 0.02 0.01 0.00 0.01 0.00 
CaO 0.01 0.01 0.01 0.01 0.05 0.05 0.05 0.05 
Rb2O 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 
Cs2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Li2O calc.  0.16 0.16 0.16 0.15 0.23 0.23 0.27 0.28 
Na2O 0.16 0.19 0.12 0.13 0.29 0.31 0.31 0.32 
K2O 9.22 9.33 9.54 9.48 9.55 9.49 9.55 9.48 
H2O 4.14 4.15 4.15 4.16 4.07 4.08 4.02 4.01 
F 0.79 0.77 0.76 0.75 0.99 0.98 1.09 1.11 
Sub Total 99.27 99.41 99.40 99.59 100.37 100.22 100.40 100.22 
O=F 0.33 0.32 0.32 0.32 0.42 0.41 0.46 0.47 
Total 98.94 99.09 99.08 99.28 99.95 99.81 99.94 99.75 
apfu 
Si 6.051 6.051 6.037 6.045 6.042 6.038 6.037 6.040 
Ti  0.024 0.028 0.025 0.023 0.008 0.008 0.010 0.009 
Al 5.889 5.881 5.904 5.891 5.882 5.893 5.879 5.876 
Fe3+  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+ 0.161 0.153 0.143 0.157 0.158 0.152 0.156 0.158 
Mn 0.005 0.004 0.005 0.003 0.009 0.009 0.006 0.007 
Mg  0.005 0.006 0.005 0.004 0.002 0.000 0.002 0.000 
Ca  0.002 0.002 0.001 0.002 0.006 0.007 0.007 0.006 
Rb  0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.001 
Cs 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Li calc.  0.087 0.084 0.083 0.082 0.123 0.121 0.144 0.149 
Na  0.040 0.048 0.031 0.034 0.074 0.078 0.080 0.083 
K  1.565 1.582 1.618 1.606 1.609 1.599 1.608 1.600 
H 3.669 3.679 3.679 3.684 3.587 3.592 3.544 3.534 
F 0.331 0.321 0.321 0.316 0.412 0.407 0.455 0.465 
TAl  1.949 1.949 1.963 1.955 1.958 1.962 1.963 1.960 
OAl  3.940 3.932 3.941 3.936 3.924 3.931 3.916 3.916 
Tetrahedral Site 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Octahedral Site 4.221 4.206 4.202 4.205 4.224 4.222 4.234 4.239 
Alkali Site 1.607 1.632 1.651 1.642 1.690 1.686 1.696 1.690 
Hydroxyl Site  4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 
Sum Tetrahedral 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Tetrahedral Al 1.949 1.949 1.963 1.955 1.958 1.962 1.963 1.960 
Octahedral Al 3.940 3.932 3.941 3.936 3.924 3.931 3.916 3.916 
Sum Octahedral 4.221 4.206 4.202 4.205 4.224 4.222 4.234 4.239 
Sum x-site (alkali) 1.607 1.632 1.651 1.642 1.690 1.686 1.696 1.690 
Sum w-site (Hydroxyl) 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 
Mg - Li  -0.083 -0.078 -0.078 -0.077 -0.122 -0.121 -0.142 -0.149 
Fe(tot)+Mn+Ti-VIAl -3.751 -3.747 -3.768 -3.754 -3.749 -3.761 -3.745 -3.742 







 Table 12. EMP analysis of muscovite (cont.)  
 
18-1 18-2 18-1 18-2 11.1 11.2 11CR-1 11CR-2 
Oxides (wt. %) 
SiO2 45.66 45.59 45.64 45.56 45.68 45.77 45.66 45.66 
TiO2 0.08 0.07 0.07 0.06 0.13 0.12 0.28 0.28 
Al2O3 37.90 37.88 37.94 37.90 37.80 36.88 37.67 37.71 
FeO 1.12 1.09 1.01 0.99 1.01 1.10 1.32 1.29 
MnO 0.06 0.06 0.06 0.06 0.04 0.04 0.05 0.05 
MgO 0.01 0.01 0.00 0.01 0.01 0.01 0.03 0.03 
CaO 0.06 0.07 0.06 0.06 0.02 0.02 0.01 0.02 
Rb2O 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.00 
Cs2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Li2O calc.  0.19 0.19 0.19 0.21 0.27 0.26 0.13 0.14 
Na2O 0.34 0.42 0.39 0.46 0.29 0.31 0.14 0.18 
K2O 9.32 9.43 9.48 9.50 9.33 9.29 9.78 9.89 
H2O 4.11 4.11 4.11 4.09 4.02 3.98 4.21 4.20 
F 0.88 0.88 0.88 0.91 1.08 1.07 0.67 0.70 
Sub Total 99.72 99.80 99.84 99.81 99.67 98.86 99.95 100.13 
O=F 0.37 0.37 0.37 0.38 0.45 0.45 0.28 0.30 
Total 99.36 99.43 99.47 99.42 99.22 98.41 99.66 99.84 
apfu 
Si 6.045 6.038 6.041 6.036 6.052 6.116 6.045 6.039 
Ti  0.008 0.007 0.006 0.006 0.013 0.012 0.028 0.027 
Al 5.914 5.913 5.918 5.917 5.902 5.806 5.877 5.878 
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+  0.124 0.120 0.112 0.109 0.112 0.123 0.146 0.142 
Mn  0.006 0.007 0.006 0.007 0.004 0.005 0.006 0.005 
Mg  0.002 0.002 0.000 0.002 0.002 0.002 0.006 0.007 
Ca 0.008 0.009 0.009 0.008 0.003 0.002 0.002 0.003 
Rb  0.001 0.001 0.001 0.001 0.000 0.001 0.000 0.000 
Cs 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Li calc.  0.103 0.103 0.103 0.109 0.142 0.141 0.068 0.073 
Na  0.088 0.108 0.100 0.117 0.074 0.080 0.037 0.046 
K  1.575 1.594 1.600 1.605 1.577 1.583 1.652 1.669 
H 3.632 3.631 3.632 3.619 3.549 3.549 3.719 3.707 
F  0.367 0.368 0.367 0.381 0.451 0.451 0.281 0.293 
TAl  1.955 1.962 1.959 1.964 1.948 1.884 1.955 1.961 
OAl  3.960 3.951 3.959 3.952 3.953 3.922 3.923 3.917 
Tetrahedral Site 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Octahedral Site 4.202 4.190 4.187 4.185 4.226 4.205 4.176 4.171 
Alkali Site 1.671 1.711 1.709 1.731 1.655 1.666 1.691 1.717 
Hydroxyl Site  3.999 3.999 3.999 3.999 4.000 4.000 4.000 4.000 
Sum Tetrahedral 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Tetrahedral Al 1.955 1.962 1.959 1.964 1.948 1.884 1.955 1.961 
Octahedral Al 3.960 3.951 3.959 3.952 3.953 3.922 3.923 3.917 
Sum Octahedral 4.202 4.190 4.187 4.185 4.226 4.205 4.176 4.171 
Sum x-site (alkali) 1.671 1.711 1.709 1.731 1.655 1.666 1.691 1.717 
Sum w-site (Hydroxyl) 3.999 3.999 3.999 3.999 4.000 4.000 4.000 4.000 
Mg - Li  -0.101 -0.102 -0.103 -0.107 -0.140 -0.138 -0.062 -0.066 
Fe(tot)+Mn+Ti-VIAl -3.822 -3.817 -3.835 -3.830 -3.824 -3.782 -3.743 -3.741 









Table 12. EMP analysis of muscovite (cont.)  
 
12.1 12.2 12CR-1 12CR-2 12CR-3 12CR-4 32-1 32-2 
Oxides (wt. %) 
SiO2 45.70 45.65 45.60 45.65 45.55 45.68 45.66 45.66 
TiO2 0.08 0.11 0.21 0.21 0.19 0.22 0.13 0.14 
Al2O3 37.80 37.78 37.89 37.98 38.04 38.03 37.88 37.84 
Fe2O3         
FeO 1.17 1.23 1.11 0.98 0.84 0.85 1.32 1.44 
MnO 0.08 0.07 0.02 0.02 0.04 0.04 0.04 0.04 
MgO 0.01 0.01 0.02 0.01 0.01 0.02 0.03 0.03 
CaO 0.02 0.02 0.03 0.06 0.09 0.09 0.00 0.01 
Rb2O 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 
Cs2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Li2O calc.  0.20 0.20 0.20 0.23 0.27 0.27 0.10 0.12 
Na2O 0.26 0.27 0.24 0.21 0.32 0.29 0.12 0.09 
K2O 9.56 9.64 9.12 9.33 9.65 9.73 9.22 9.40 
H2O 4.10 4.10 4.10 4.07 4.02 4.04 4.24 4.22 
F 0.90 0.91 0.89 0.98 1.09 1.08 0.59 0.63 
Sub Total 99.88 100.00 99.44 99.75 100.11 100.34 99.34 99.63 
O=F 0.38 0.38 0.38 0.41 0.46 0.45 0.25 0.27 
Total 99.51 99.61 99.07 99.33 99.65 99.89 99.09 99.36 
apfu 
Si 6.050 6.043 6.045 6.039 6.019 6.024 6.056 6.050 
Ti 0.008 0.011 0.021 0.021 0.019 0.022 0.013 0.014 
Al 5.898 5.894 5.919 5.921 5.925 5.911 5.920 5.909 
Fe3+  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+  0.129 0.136 0.123 0.109 0.093 0.093 0.147 0.160 
Mn  0.009 0.008 0.002 0.002 0.004 0.005 0.004 0.004 
Mg  0.003 0.002 0.003 0.002 0.002 0.004 0.007 0.006 
Ca  0.003 0.003 0.005 0.009 0.013 0.012 0.000 0.001 
Rb  0.001 0.001 0.000 0.000 0.000 0.001 0.000 0.000 
Cs 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Li calc.  0.107 0.108 0.106 0.123 0.144 0.141 0.056 0.062 
Na  0.065 0.068 0.063 0.054 0.082 0.075 0.031 0.023 
K  1.615 1.629 1.543 1.575 1.627 1.638 1.560 1.589 
H 3.623 3.620 3.625 3.588 3.544 3.552 3.753 3.734 
F 0.376 0.379 0.374 0.411 0.456 0.448 0.247 0.266 
TAl  1.950 1.957 1.955 1.961 1.981 1.976 1.944 1.950 
OAl  3.948 3.936 3.964 3.961 3.943 3.935 3.976 3.959 
Tetrahedral Site 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Octahedral Site 4.203 4.202 4.220 4.217 4.205 4.200 4.203 4.205 
Alkali Site 1.684 1.701 1.610 1.638 1.721 1.725 1.592 1.613 
Hydroxyl Site  3.999 3.999 3.999 4.000 4.000 4.000 4.000 4.000 
Sum Tetrahedral 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Tetrahedral Al 1.950 1.957 1.955 1.961 1.981 1.976 1.944 1.950 
Octahedral Al 3.948 3.936 3.964 3.961 3.943 3.935 3.976 3.959 
Sum Octahedral 4.203 4.202 4.220 4.217 4.205 4.200 4.203 4.205 
Sum x-site (alkali) 1.684 1.701 1.610 1.638 1.721 1.725 1.592 1.613 
Sum w-site (Hydroxyl) 3.999 3.999 3.999 4.000 4.000 4.000 4.000 4.000 
Mg - Li  -0.104 -0.106 -0.103 -0.120 -0.142 -0.136 -0.049 -0.057 
Fe(tot)+Mn+Ti-VIAl -3.803 -3.781 -3.818 -3.829 -3.827 -3.815 -3.812 -3.781 









Table 12. EMP analysis of muscovite (cont.)  
 
32-1 32-2 32-1 32-2 32-1 32-2 
Oxides (wt. %) 
SiO2 45.55 45.57 45.49 45.57 45.33 45.40 
TiO2 0.16 0.16 0.14 0.14 0.32 0.29 
Al2O3 37.78 37.76 37.81 37.80 37.82 37.83 
FeO 1.63 1.58 1.49 1.53 1.23 1.34 
MnO 0.01 0.02 0.02 0.02 0.02 0.02 
MgO 0.01 0.02 0.12 0.11 0.01 0.01 
CaO 0.01 0.02 0.02 0.02 0.03 0.03 
Rb2O 0.00 0.00 0.00 0.00 0.00 0.00 
Cs2O 0.00 0.00 0.00 0.00 0.00 0.00 
Li2O calc.  0.12 0.13 0.14 0.15 0.19 0.17 
Na2O 0.10 0.12 0.14 0.10 0.20 0.21 
K2O 9.53 9.56 9.55 9.62 9.34 8.41 
H2O 4.21 4.20 4.19 4.18 4.10 4.12 
F 0.65 0.67 0.70 0.73 0.87 0.80 
Sub Total 99.78 99.81 99.82 99.97 99.48 98.63 
O=F 0.28 0.28 0.30 0.31 0.37 0.34 
Total 99.50 99.52 99.52 99.66 99.12 98.29 
apfu 
Si 6.039 6.040 6.029 6.033 6.021 6.046 
Ti  0.015 0.016 0.014 0.014 0.032 0.029 
Al 5.902 5.899 5.906 5.898 5.920 5.938 
Fe3+  0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+  0.181 0.175 0.165 0.170 0.137 0.149 
Mn  0.001 0.002 0.002 0.002 0.002 0.002 
Mg 0.002 0.003 0.024 0.022 0.003 0.002 
Ca 0.002 0.003 0.002 0.003 0.004 0.004 
Rb  0.000 0.000 0.000 0.000 0.000 0.000 
Cs 0.000 0.000 0.000 0.000 0.000 0.000 
Li calc.  0.066 0.069 0.073 0.078 0.102 0.090 
Na 0.026 0.030 0.037 0.025 0.051 0.054 
K  1.612 1.617 1.615 1.624 1.583 1.429 
H 3.726 3.718 3.707 3.693 3.633 3.664 
F 0.274 0.282 0.293 0.307 0.366 0.336 
TAl  1.961 1.960 1.971 1.967 1.979 1.954 
OAl  3.941 3.938 3.934 3.930 3.941 3.984 
Tetrahedral Site 8.000 8.000 8.000 8.000 8.000 8.000 
Octahedral Site 4.206 4.203 4.212 4.216 4.217 4.255 
Alkali Site 1.640 1.650 1.654 1.652 1.639 1.487 
Hydroxyl Site  4.000 4.000 4.000 4.000 3.999 4.000 
Sum Tetrahedral 8.000 8.000 8.000 8.000 8.000 8.000 
Tetrahedral Al 1.961 1.960 1.971 1.967 1.979 1.954 
Octahedral Al 3.941 3.938 3.934 3.930 3.941 3.984 
Sum Octahedral 4.206 4.203 4.212 4.216 4.217 4.255 
Sum x-site (alkali) 1.640 1.650 1.654 1.652 1.639 1.487 
Sum w-site (Hydroxyl) 4.000 4.000 4.000 4.000 3.999 4.000 
Mg - Li  -0.063 -0.066 -0.049 -0.056 -0.100 -0.087 
Fe(tot)+Mn+Ti-VIAl -3.743 -3.746 -3.753 -3.744 -3.769 -3.804 
Formulas calculated on the basis of 24 anions. Total Fe = FeO, wt. % = weight percent, apfu = atoms 







Table 13. EMP analysis of biotite 
  1-A-1 1-A-2 1-A-3 2A-1-1 2A-1-2 2A-1-3 3A-1 3A-2 3A-3 3A-1 
Oxides (wt. %) 
SiO2 
34.72 34.52 34.64 35.16 35.33 35.36 34.80 34.72 34.72 34.78 
TiO2 
0.99 1.05 1.11 3.12 3.09 3.41 0.89 0.82 0.80 1.13 
Al2O3 
21.78 21.55 21.66 19.39 19.44 19.50 21.54 21.65 21.56 21.55 
FeO 
24.37 24.29 24.45 19.89 19.81 19.67 24.00 24.33 24.30 23.96 
MnO 
0.61 0.58 0.61 0.44 0.41 0.36 0.45 0.41 0.41 0.37 
MgO 
2.78 2.67 2.44 7.68 7.55 7.82 2.22 2.10 1.98 1.99 
CaO 
0.05 0.07 0.06 0.03 0.04 0.03 0.02 0.02 0.02 0.05 
Rb2O 
0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.02 0.01 0.02 
Cs2O 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Li2O calc.  
0.38 0.32 0.35 0.21 0.21 0.20 0.40 0.38 0.38 0.39 
Na2O 
0.11 0.08 0.08 0.00 0.00 0.01 0.09 0.12 0.09 0.14 
K2O 
8.12 8.23 8.03 8.88 8.72 9.11 9.14 8.78 9.21 8.57 
H2O 
3.12 3.09 3.07 3.74 3.75 3.84 3.01 3.08 3.08 3.13 
F 
1.50 1.51 1.56 0.41 0.41 0.28 1.67 1.51 1.49 1.39 
Sub Total 
98.55 97.98 98.07 98.96 98.77 99.60 98.25 97.95 98.06 97.46 
O=F 
0.63 0.64 0.66 0.17 0.17 0.12 0.70 0.64 0.63 0.58 
Total 




Table 13. EMP analysis of biotite (cont.) 
 1-A-1 1-A-2 1-A-3 2A-1-1 2A-1-2 2A-1-3 3A-1 3A-2 3A-3 3A-1 
apfu: 
Si 5.434 5.442 5.451 5.375 5.400 5.362 5.487 5.484 5.491 5.500 
Ti  0.117 0.125 0.132 0.358 0.356 0.389 0.106 0.098 0.095 0.135 
Al 4.017 4.004 4.016 3.494 3.502 3.485 4.002 4.031 4.017 4.017 
Fe3+ calc. 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+  3.188 3.202 3.216 2.543 2.532 2.495 3.164 3.214 3.213 3.168 
Mn  0.081 0.078 0.082 0.057 0.053 0.047 0.060 0.055 0.055 0.049 
Mg  0.649 0.628 0.573 1.751 1.721 1.769 0.523 0.495 0.467 0.469 
Ca  0.009 0.012 0.009 0.006 0.007 0.006 0.004 0.003 0.004 0.008 
Rb  0.001 0.001 0.001 0.000 0.000 0.000 0.001 0.002 0.001 0.002 
Cs 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Li 0.237 0.202 0.224 0.127 0.130 0.122 0.253 0.239 0.240 0.249 
Na  0.034 0.025 0.024 0.000 0.000 0.004 0.028 0.037 0.028 0.044 
K  1.621 1.654 1.612 1.732 1.701 1.762 1.837 1.769 1.858 1.728 
H 3.258 3.246 3.226 3.816 3.820 3.885 3.167 3.245 3.253 3.306 
F 0.742 0.754 0.774 0.199 0.198 0.133 0.833 0.755 0.747 0.694 
TAl  2.566 2.558 2.549 2.625 2.600 2.638 2.513 2.516 2.509 2.500 
OAl  1.450 1.446 1.467 0.869 0.902 0.848 1.489 1.515 1.508 1.517 
Sum Tetrahedral 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Tetrahedral Al 2.566 2.558 2.549 2.625 2.600 2.638 2.513 2.516 2.509 2.500 
Octahedral Al 1.450 1.446 1.467 0.869 0.902 0.848 1.489 1.515 1.508 1.517 
Sum Octahedral 5.723 5.680 5.694 5.704 5.693 5.669 5.595 5.615 5.578 5.587 
Sum x-site (alkali) 1.665 1.692 1.646 1.738 1.707 1.772 1.871 1.811 1.891 1.782 
Sum w-site (Hydroxyl) 4.000 4.000 4.000 4.015 4.017 4.018 4.000 4.000 4.000 4.000 
Mg - Li  0.412 0.426 0.349 1.624 1.590 1.646 0.269 0.255 0.227 0.220 
Fe(tot)+Mn+Ti-VIAl 1.936 1.959 1.962 2.089 2.039 2.083 1.841 1.852 1.856 1.835 
Fe/(Fe+Mg) 0.831 0.836 0.849 0.592 0.595 0.585 0.858 0.867 0.873 0.871 




 Table 13. EMP analysis of biotite (cont.) 
  3A-2 3A-3 3A-1 3A-2 3A-3 4A-1 4A-2 4A-3 5A-1 5A-2 
Oxides (wt. %) 
SiO2 
34.86 34.78 35.01 34.82 34.92 34.89 34.91 35.09 34.82 35.01 
TiO2 
1.09 1.11 0.98 0.86 0.80 0.57 0.53 0.49 0.92 0.89 
Al2O3 
21.46 21.32 21.72 21.68 21.72 22.12 21.91 22.20 21.81 21.77 
FeO 23.85 23.94 23.89 23.90 24.01 23.22 23.61 23.61 23.89 23.69 
MnO 0.34 0.34 0.41 0.39 0.40 0.65 0.69 0.70 0.56 0.50 
MgO 2.09 2.11 2.18 2.09 2.01 1.78 1.71 1.67 1.89 1.91 
CaO 0.04 0.03 0.03 0.03 0.03 0.02 0.02 0.02 0.04 0.03 
Rb2O 
0.02 0.01 0.02 0.01 0.02 0.03 0.04 0.03 0.01 0.01 
Cs2O 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Li2O calc.  
0.42 0.39 0.46 0.41 0.44 0.43 0.43 0.48 0.41 0.46 
Na2O 
0.13 0.16 0.11 0.13 0.10 0.21 0.27 0.28 0.12 0.13 
K2O 
8.70 8.61 8.98 9.00 9.00 8.90 8.80 9.11 8.88 8.79 
H2O 
3.12 3.14 3.11 3.04 3.04 3.00 2.95 3.03 2.99 3.06 
F 1.41 1.36 1.51 1.61 1.61 1.68 1.78 1.67 1.71 1.58 
Sub Total 97.51 97.28 98.41 97.97 98.10 97.48 97.64 98.39 98.06 97.84 
O=F 0.59 0.57 0.64 0.68 0.68 0.71 0.75 0.70 0.72 0.66 




Table 13. EMP analysis of biotite (cont.) 
  3A-2 3A-3 3A-1 3A-2 3A-3 4A-1 4A-2 4A-3 5A-1 5A-2 
apfu  
Si 5.509 5.511 5.491 5.495 5.503 5.518 5.525 5.511 5.491 5.516 
Ti  0.130 0.133 0.116 0.101 0.095 0.067 0.064 0.058 0.109 0.106 
Al 3.997 3.981 4.015 4.032 4.034 4.122 4.087 4.109 4.054 4.043 
Fe3+  calc. 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+  3.152 3.173 3.133 3.154 3.163 3.071 3.125 3.101 3.151 3.120 
Mn 0.046 0.045 0.055 0.052 0.054 0.088 0.092 0.093 0.074 0.067 
Mg  0.493 0.497 0.510 0.492 0.471 0.419 0.404 0.391 0.445 0.450 
Ca  0.006 0.004 0.005 0.004 0.005 0.003 0.003 0.003 0.007 0.006 
Rb 0.002 0.001 0.002 0.001 0.002 0.003 0.004 0.003 0.001 0.001 
Cs 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Li 0.264 0.250 0.290 0.258 0.276 0.270 0.275 0.305 0.257 0.292 
Na  0.039 0.048 0.034 0.041 0.031 0.065 0.081 0.086 0.037 0.041 
K  1.754 1.741 1.797 1.812 1.810 1.795 1.776 1.825 1.787 1.767 
H 3.295 3.321 3.250 3.195 3.197 3.161 3.111 3.170 3.146 3.215 
F 0.705 0.679 0.750 0.804 0.803 0.839 0.889 0.830 0.854 0.785 
TAl  2.491 2.489 2.509 2.505 2.497 2.482 2.475 2.489 2.509 2.484 
OAl  1.506 1.493 1.506 1.528 1.538 1.640 1.612 1.620 1.545 1.559 
Sum Tetrahedral 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Tetrahedral Al 2.491 2.489 2.509 2.505 2.497 2.482 2.475 2.489 2.509 2.484 
Octahedral Al 1.506 1.493 1.506 1.528 1.538 1.640 1.612 1.620 1.545 1.559 
Sum Octahedral 5.591 5.591 5.609 5.584 5.596 5.555 5.571 5.569 5.581 5.593 
Sum x-site (alkali) 1.801 1.794 1.837 1.859 1.848 1.867 1.864 1.917 1.832 1.814 
Sum w-site (Hydroxyl) 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 
Mg - Li  0.230 0.248 0.220 0.235 0.196 0.149 0.129 0.086 0.187 0.158 
Fe(tot)+Mn+Ti-VIAl 1.821 1.858 1.797 1.779 1.774 1.586 1.668 1.632 1.790 1.734 
Fe/(Fe+Mg) 0.865 0.864 0.860 0.865 0.870 0.880 0.886 0.888 0.876 0.874 







Table 13. EMP analysis of biotite (cont.) 












– 6 6A.4.3 
Oxides (wt. %) 
SiO2 
34.90 35.01 34.77 35.09 34.87 34.77 35.04 37.54 37.45 34.73 
TiO2 
0.91 1.45 1.43 2.18 2.33 2.23 2.09 0.45 0.49 2.09 
Al2O3 
21.63 21.19 21.25 21.30 20.02 20.09 20.43 26.43 26.34 20.16 
FeO 23.82 24.00 24.32 19.88 20.77 20.63 20.77 18.11 18.21 20.61 
MnO 0.49 0.07 0.06 0.41 0.40 0.42 0.51 0.37 0.33 0.38 
MgO 1.93 1.98 2.09 4.88 5.22 5.01 4.99 4.68 4.55 4.99 
CaO 0.03 0.03 0.04 0.02 0.02 0.02 0.01 0.22 0.21 0.02 
Rb2O 
0.01 0.01 0.01 0.00 0.02 0.03 0.03 0.00 0.00 0.02 
Cs2O 
0.00   0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 
Li2O calc.  
0.43 0.46 0.39 0.48 0.42 0.39 0.47 1.19 1.16 0.38 
Na2O 
0.16 0.31 0.33 0.45 0.45 0.44 0.39 0.11 0.14 0.51 
K2O 
8.81 9.10 9.12 8.89 8.92 9.02 8.93 8.34 8.23 8.67 
H2O 
3.03 3.28 3.23 3.42 3.22 3.16 3.20 3.85 3.86 3.25 
F 1.62 1.12 1.22 0.98 1.32 1.41 1.39 0.68 0.62 1.20 
Sub Total 97.76 98.00 98.24 97.96 98.00 97.63 98.28 101.97 101.61 97.02 
O=F 0.68 0.47 0.51 0.41 0.56 0.59 0.59 0.29 0.26 0.50 





 Table 13. EMP analysis of biotite (cont.) 












- 6 6A.4.3 
apfu 
Si 5.512 5.510 5.475 5.420 5.436 5.445 5.443 5.399 5.404 5.456 
Ti  0.109 0.171 0.170 0.253 0.274 0.262 0.244 0.048 0.053 0.247 
Al 4.027 3.930 3.943 3.877 3.678 3.708 3.740 4.480 4.480 3.731 
Fe3+ calc. 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+  3.146 3.158 3.203 2.567 2.707 2.702 2.698 2.178 2.197 2.707 
Mn  0.065 0.009 0.008 0.054 0.053 0.055 0.067 0.045 0.041 0.050 
Mg  0.454 0.465 0.490 1.123 1.214 1.169 1.156 1.003 0.980 1.169 
Ca 0.004 0.006 0.006 0.003 0.003 0.003 0.002 0.034 0.033 0.004 
Rb  0.001 0.001 0.001 0.000 0.002 0.003 0.003 0.000 0.000 0.002 
Cs 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Li  0.272 0.291 0.246 0.299 0.264 0.246 0.293 0.689 0.676 0.240 
Na  0.047 0.095 0.100 0.134 0.137 0.134 0.118 0.031 0.040 0.156 
K 1.775 1.826 1.832 1.751 1.774 1.802 1.770 1.530 1.515 1.738 
H 3.190 3.442 3.392 3.519 3.349 3.301 3.316 3.692 3.716 3.405 
F  0.810 0.558 0.608 0.481 0.651 0.699 0.684 0.308 0.284 0.595 
TAl  2.488 2.490 2.525 2.580 2.564 2.555 2.557 2.601 2.596 2.544 
OAl  1.539 1.439 1.418 1.297 1.113 1.153 1.183 1.879 1.884 1.186 
Sum Tetrahedral 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Tetrahedral Al 2.488 2.490 2.525 2.580 2.564 2.555 2.557 2.601 2.596 2.544 
Octahedral Al 1.539 1.439 1.418 1.297 1.113 1.153 1.183 1.879 1.884 1.186 
Sum Octahedral 5.586 5.533 5.535 5.593 5.624 5.589 5.642 5.843 5.830 5.600 
Sum x-site (alkali) 1.828 1.929 1.939 1.888 1.916 1.942 1.893 1.595 1.589 1.899 
Sum w-site (Hydroxyl) 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 
Mg - Li  0.183 0.174 0.244 0.823 0.950 0.923 0.863 0.313 0.304 0.929 
Fe(tot)+Mn+Ti-VIAl 1.780 1.899 1.962 1.577 1.920 1.866 1.827 0.392 0.407 1.818 
Fe/(Fe+Mg) 0.874 0.872 0.867 0.696 0.690 0.698 0.700 0.685 0.692 0.698 





Table 13. EMP analysis of biotite (cont.) 
  6A.4.3 7A-1 7A-2 7A-3 11B-2 11B-3 
11-
CR-2 12A-1 12A-2 32-1 
Oxides (wt. %) 
SiO2 
34.61 34.81 34.37 34.56 34.90 34.86 35.66 34.71 34.77 34.57 
TiO2 
1.98 1.23 1.19 1.22 2.34 2.51 0.36 2.61 2.56 1.98 
Al2O3 
20.23 21.21 21.39 21.23 19.82 19.93 22.98 19.81 19.94 20.10 
FeO 20.72 23.41 23.41 23.41 21.17 21.21 20.01 21.09 20.94 21.07 
MnO 0.42 0.51 0.49 0.56 0.32 0.31 0.41 0.29 0.28 0.43 
MgO 4.82 2.15 2.09 1.91 5.30 5.32 4.88 5.22 5.34 4.56 
CaO 0.01 0.03 0.04 0.03 0.01 0.01 0.08 0.02 0.03 0.03 
Rb2O 
0.02 0.02 0.03 0.02 0.01 0.01 0.00 0.01 0.01 0.01 
Cs2O 
0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Li2O calc.  
0.35 0.40 0.28 0.33 0.43 0.42 0.65 0.37 0.39 0.33 
Na2O 
0.41 0.23 0.32 0.29 0.30 0.32 0.23 0.28 0.27 0.51 
K2O 
8.77 8.73 9.03 8.92 8.44 8.11 8.66 8.61 8.49 8.45 
H2O 
3.22 3.04 3.01 3.02 3.27 3.35 3.71 3.31 3.37 3.24 
F 1.23 1.57 1.59 1.56 1.19 1.03 0.46 1.10 0.98 1.15 
Sub Total 96.80 97.36 97.26 97.07 97.48 97.39 98.06 97.46 97.38 96.44 
O=F 0.52 0.66 0.67 0.66 0.50 0.44 0.19 0.46 0.41 0.48 




 Table 13. EMP analysis of biotite (cont.) 






CR-2 12A-1 12A-2 32-1 
apfu 
Si 5.457 5.517 5.474 5.507 5.454 5.439 5.449 5.432 5.430 5.470 
Ti  0.235 0.147 0.143 0.146 0.275 0.295 0.041 0.307 0.300 0.236 
Al 3.759 3.962 4.015 3.987 3.651 3.666 4.139 3.654 3.671 3.749 
Fe3+ calc. 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+  2.732 3.102 3.117 3.120 2.766 2.768 2.557 2.760 2.735 2.787 
Mn  0.056 0.069 0.067 0.075 0.042 0.041 0.053 0.039 0.038 0.058 
Mg 1.134 0.507 0.497 0.454 1.234 1.237 1.111 1.218 1.244 1.076 
Ca  0.002 0.005 0.006 0.005 0.002 0.002 0.012 0.004 0.005 0.004 
Rb  0.002 0.002 0.003 0.002 0.001 0.001 0.000 0.001 0.001 0.001 
Cs 0.000 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 
Li 0.219 0.256 0.177 0.210 0.268 0.260 0.397 0.235 0.245 0.211 
Na  0.125 0.072 0.098 0.090 0.089 0.096 0.069 0.086 0.081 0.157 
K 1.764 1.766 1.835 1.814 1.683 1.615 1.687 1.719 1.692 1.706 
H 3.389 3.215 3.197 3.213 3.412 3.490 3.780 3.454 3.514 3.424 
F 0.611 0.785 0.803 0.787 0.588 0.510 0.220 0.546 0.486 0.575 
TAl 2.543 2.483 2.526 2.493 2.546 2.561 2.551 2.568 2.570 2.530 
OAl 1.215 1.478 1.489 1.494 1.105 1.105 1.589 1.085 1.102 1.220 
Sum Tetrahedral 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Tetrahedral Al 2.543 2.483 2.526 2.493 2.546 2.561 2.551 2.568 2.570 2.530 
Octahedral Al 1.215 1.478 1.489 1.494 1.105 1.105 1.589 1.085 1.102 1.220 
Sum Octahedral 5.591 5.559 5.490 5.500 5.691 5.706 5.749 5.645 5.664 5.588 
Sum x-site (alkali) 1.893 1.845 1.942 1.912 1.775 1.714 1.768 1.809 1.779 1.868 
Sum w-site (Hydroxyl) 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 
Mg - Li  0.915 0.251 0.320 0.244 0.966 0.976 0.714 0.983 1.000 0.865 
Fe(tot)+Mn+Ti-VIAl 1.808 1.839 1.838 1.847 1.978 1.999 1.063 2.021 1.972 1.862 
Fe/(Fe+Mg) 0.707 0.860 0.862 0.873 0.692 0.691 0.697 0.694 0.687 0.721 




 Table 13. EMP analysis of biotite (cont.) 
  32-3 M5 M5 M5 
Oxides (wt. %) 
SiO2 
34.60 34.86 34.75 34.67 
TiO2 
2.09 1.10 1.09 1.12 
Al2O3 
20.10 22.08 22.16 22.11 
FeO 21.00 23.98 23.89 23.82 
MnO 0.35 0.52 0.53 0.53 
MgO 4.59 1.89 2.00 1.98 
CaO 0.03 0.03 0.03 0.03 
Rb2O 
0.01 0.02 0.02 0.02 
Cs2O 
0.00 0.00 0.00 0.00 
Li2O calc. 
0.34 0.42 0.38 0.36 
Na2O 
0.40 0.37 0.36 0.37 
K2O 
8.61 8.78 8.65 8.83 
H2O 
3.25 3.13 3.04 2.98 
F 1.14 1.49 1.68 1.80 
Sub Total 96.51 98.95 98.86 98.92 
O=F 0.48 0.63 0.71 0.76 





 Table 13. EMP analysis of biotite (cont.) 
  32-3 M5 M5 M5 
apfu 
Si 5.469 5.444 5.433 5.428 
Ti  0.249 0.129 0.129 0.132 
Al 3.745 4.064 4.082 4.080 
Fe3+ calc. 0.000 0.033 0.033 0.033 
Fe2+  2.776 3.132 3.124 3.118 
Mn 0.046 0.069 0.070 0.070 
Mg  1.082 0.441 0.467 0.463 
Ca  0.005 0.005 0.005 0.005 
Rb 0.001 0.002 0.002 0.002 
Cs 0.000 0.000 0.000 0.000 
Li  0.216 0.261 0.242 0.228 
Na  0.122 0.113 0.110 0.114 
K  1.737 1.749 1.724 1.764 
H 3.428 3.265 3.169 3.109 
F  0.572 0.735 0.831 0.891 
TAl  2.531 2.556 2.567 2.572 
OAl  1.214 1.507 1.515 1.508 
Sum Tetrahedral 8.000 8.000 8.000 8.000 
Tetrahedral Al 2.531 2.556 2.567 2.572 
Octahedral Al 1.214 1.507 1.515 1.508 
Sum Octahedral 5.584 5.572 5.579 5.552 
Sum x-site (alkali) 1.864 1.868 1.841 1.885 
Sum w-site (Hydroxyl) 4.000 4.000 4.000 4.000 
Mg - Li  0.866 0.180 0.225 0.235 
Fe(tot)+Mn+Ti-VIAl 1.858 1.823 1.808 1.813 
Fe/(Fe+Mg) 0.720 0.878 0.871 0.872 
Formulas calculated on the basis of 24 anions. Total Fe = FeO, wt. 















Table 14. EMP analysis of garnet  
 
1A-1 1A-2 1A-3 1A-4 1A-5 1A-6 1A-7 1A-8 
Oxides (wt. %) 
SiO2 36.99 37.11 37.13 36.96 37.12 36.99 37.14 36.95 
TiO2 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 
Al2O3 20.92 21.03 21.01 20.93 21.04 20.98 21.10 21.04 
FeO 30.22 29.94 29.89 30.00 29.84 29.88 29.78 29.83 
MgO 2.22 2.21 2.34 2.32 2.41 2.31 2.27 2.41 
MnO 9.60 10.02 10.22 9.89 10.11 9.85 10.26 9.87 
CaO 0.28 0.27 0.31 0.34 0.32 0.32 0.37 0.30 
Total  100.23 100.60 100.91 100.45 100.85 100.34 100.91 100.42 
apfu 
Si 5.999 5.996 5.985 5.984 5.982 5.990 5.984 5.979 
Ti 0.000 0.001 0.001 0.001 0.001 0.000 0.000 0.000 
Al 3.999 4.005 3.990 3.995 3.997 4.005 4.007 4.013 
Fe 4.100 4.046 4.030 4.063 4.023 4.047 4.013 4.037 
Mg 0.538 0.533 0.563 0.560 0.580 0.559 0.546 0.582 
Mn 1.319 1.371 1.395 1.356 1.380 1.352 1.399 1.353 
Ca 0.048 0.048 0.054 0.058 0.055 0.056 0.063 0.053 
X Site total  6.004 5.998 6.042 6.038 6.037 6.013 6.021 6.024 
Y Site total  3.999 4.005 3.990 3.995 3.997 4.005 4.007 4.013 
Z Site total  5.999 5.997 5.986 5.985 5.983 5.990 5.984 5.979 
Fe/(Fe+Mg) 0.884 0.884 0.877 0.879 0.874 0.879 0.880 0.874 
Formulas calculated on the basis of 24 oxygens. Total Fe = FeO, wt. % = weight percent, apfu = 
atoms per formula unit. 
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Table 14. EMP analysis of garnet (cont.) 
 
1A-14 1A-15 6A-3-4-1 6A-3-4-2 6A-3-4-3 6A-3-4-4 11B-1 11B-2 
Oxides (wt. %) 
SiO2 36.87 36.81 37.09 37.33 37.43 37.31 37.23 37.33 
TiO2 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 
Al2O3 20.45 20.59 20.98 21.20 21.33 21.23 21.10 21.22 
FeO 25.89 25.77 29.87 30.88 30.21 30.18 30.84 31.11 
MgO 0.01 0.02 3.12 3.22 3.56 3.63 2.89 2.90 
MnO 16.90 16.80 8.45 7.77 7.67 7.54 8.23 7.89 
CaO 0.56 0.72 0.33 0.32 0.29 0.30 0.24 0.21 
Total  100.69 100.70 99.84 100.74 100.48 100.20 100.54 100.68 
apfu 
Si 6.041 6.026 5.998 5.984 5.992 5.989 5.993 5.995 
Ti 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.002 
Al 3.949 3.973 3.999 4.005 4.023 4.015 4.003 4.015 
Fe 3.547 3.528 4.040 4.140 4.044 4.052 4.152 4.178 
Mg 0.003 0.004 0.753 0.770 0.848 0.869 0.694 0.694 
Mn 2.345 2.329 1.157 1.055 1.039 1.026 1.122 1.073 
Ca 0.099 0.127 0.056 0.055 0.050 0.052 0.041 0.037 
X Site total  5.994 5.989 6.005 6.021 5.982 5.999 6.008 5.983 
Y Site total  3.949 3.973 3.999 4.005 4.023 4.015 4.003 4.015 
Z Site total  6.041 6.026 5.998 5.986 5.992 5.989 5.994 5.997 
Fe/(Fe+Mg) 0.999 0.999 0.843 0.843 0.827 0.823 0.857 0.858 














Table 14. EMP analysis of garnet (cont.) 
 
11B-3 11B-4 11B-5 11B-6 15-1 15-2 15-3 15-4 15-5 15-6 
Oxides (wt. %) 
SiO2 37.28 37.27 37.21 37.28 37.54 37.37 37.64 37.48 37.51 37.49 
TiO2 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.00 
Al2O3 21.32 21.10 21.24 21.20 21.23 21.31 21.23 21.34 21.26 21.25 
FeO 31.09 30.99 30.83 31.23 31.27 31.22 31.19 31.43 31.50 31.23 
MgO 2.78 3.10 2.89 2.89 3.12 3.09 3.12 3.09 3.65 3.48 
MnO 8.11 7.68 8.09 7.78 6.22 6.52 6.09 6.07 5.90 5.98 
CaO 0.20 0.30 0.30 0.28 1.68 1.48 1.48 1.42 1.11 1.09 
Total  100.80 100.44 100.58 100.68 101.06 101.01 100.76 100.84 100.92 100.52 
apfu 
Si 5.985 5.995 5.984 5.990 5.988 5.969 6.010 5.987 5.979 5.995 
Ti 0.001 0.000 0.000 0.001 0.001 0.001 0.002 0.001 0.000 0.000 
Al 4.033 4.000 4.026 4.014 3.989 4.012 3.994 4.016 3.993 4.004 
Fe 4.174 4.169 4.147 4.197 4.170 4.171 4.165 4.199 4.199 4.177 
Mg 0.666 0.743 0.693 0.693 0.742 0.737 0.742 0.737 0.867 0.829 
Mn 1.103 1.046 1.102 1.059 0.840 0.882 0.824 0.822 0.796 0.810 
Ca 0.034 0.052 0.052 0.049 0.286 0.253 0.254 0.243 0.190 0.187 
X Site total  5.977 6.010 5.994 5.997 6.039 6.043 5.985 6.000 6.052 6.003 
Y Site total  4.033 4.000 4.026 4.014 3.989 4.012 3.994 4.016 3.993 4.004 
Z Site total  5.987 5.995 5.984 5.991 5.989 5.970 6.012 5.988 5.979 5.995 
Fe/(Fe+Mg) 0.862 0.849 0.857 0.858 0.849 0.850 0.849 0.851 0.829 0.834 













   Table 14. EMP analysis of garnet (cont.) 
 
15-7 15-8 15-9 32-1 32-2 32-3 32-4 32-5 32-6 
Oxides (wt. %) 
SiO2 37.41 37.40 37.44 37.45 37.56 37.52 37.45 37.50 37.45 
TiO2 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 
Al2O3 21.12 21.22 21.17 21.33 21.26 21.23 21.22 21.28 21.30 
FeO 31.20 31.57 31.67 32.23 32.10 32.22 32.00 32.09 31.37 
MgO 3.61 3.51 3.45 3.56 3.68 3.56 3.67 3.60 3.56 
MnO 5.98 5.78 6.09 5.43 5.45 5.33 5.42 5.54 5.77 
CaO 1.03 0.98 0.83 0.81 0.74 0.80 1.02 1.00 1.12 
Total  100.35 100.47 100.65 100.84 100.79 100.67 100.78 101.03 100.57 
apfu  
Si 5.994 5.988 5.992 5.978 5.991 5.995 5.978 5.976 5.984 
Ti 0.000 0.001 0.000 0.002 0.001 0.001 0.001 0.002 0.001 
Al 3.987 4.004 3.992 4.012 3.996 3.998 3.993 3.997 4.011 
Fe 4.181 4.226 4.238 4.302 4.283 4.304 4.272 4.277 4.192 
Mg 0.863 0.838 0.822 0.847 0.875 0.847 0.873 0.855 0.847 
Mn 0.812 0.783 0.826 0.734 0.736 0.722 0.733 0.748 0.781 
Ca 0.176 0.169 0.143 0.139 0.127 0.137 0.174 0.171 0.192 
X Site total  6.031 6.016 6.029 6.023 6.020 6.011 6.053 6.051 6.013 
Y Site total  3.987 4.004 3.992 4.012 3.996 3.998 3.993 3.997 4.011 
Z Site total  5.994 5.989 5.992 5.979 5.993 5.996 5.979 5.977 5.985 
Fe/(Fe+Mg) 0.829 0.835 0.837 0.836 0.830 0.836 0.830 0.833 0.832 




Figure 15. EMP analysis of tourmaline 
 Oxides (wt. %) 5A-1 5A-2 5A-3 5A-1 5A-2 5A-3 7A-1 7A-2 7A-3 7A-4 
 
SiO2 35.43 36.47 36.43 36.31 36.40 36.37 36.50 36.60 36.58 36.55 
TiO2 0.45 0.46 0.46 0.55 0.60 0.57 0.29 0.26 0.26 0.26 
B2O3 calc. 10.13 10.30 10.33 10.25 10.31 10.29 10.41 10.43 10.40 10.43 
Al2O3 30.12 30.11 30.11 29.45 29.72 29.63 32.37 32.40 32.34 32.42 
FeO 15.19 15.09 15.12 15.43 15.50 15.39 13.65 13.56 13.66 13.68 
MnO 0.41 0.38 0.41 0.34 0.30 0.31 0.53 0.57 0.49 0.52 
MgO 1.22 1.19 1.87 2.09 2.11 2.09 0.03 0.02 0.02 0.02 
CaO 0.02 0.02 0.02 0.01 0.01 0.02 0.41 0.40 0.35 0.41 
Li2O calc. 0.44 0.67 0.43 0.24 0.24 0.27 0.91 0.94 0.93 0.92 
Na2O 2.33 2.25 2.31 2.29 2.27 2.28 2.00 2.11 1.98 2.10 
K2O 0.02 0.02 0.02 0.01 0.03 0.04 0.04 0.02 0.03 0.03 
H2O calc. 3.31 3.39 3.43 3.40 3.42 3.42 3.05 3.08 3.13 3.11 
F 0.38 0.33 0.29 0.30 0.28 0.28 1.15 1.09 0.98 1.03 
 new subtotal 99.45 100.70 101.23 100.69 101.20 100.96 101.33 101.49 101.13 101.48 
O=F 0.16 0.14 0.12 0.13 0.12 0.12 0.49 0.46 0.41 0.43 
O=Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
total 99.29 100.56 101.11 100.56 101.08 100.85 100.85 101.03 100.72 101.05 
apfu  
Si 6.078 6.156 6.126 6.154 6.136 6.144 6.092 6.095 6.107 6.090 
Ti 0.057 0.059 0.058 0.070 0.076 0.073 0.036 0.033 0.032 0.033 
B 3.000 3.000 3.000 3.000 3.000 3.000 2.999 2.999 2.999 2.999 
Al 6.090 5.990 5.968 5.884 5.906 5.900 6.368 6.360 6.364 6.365 
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+ 2.178 2.131 2.127 2.188 2.185 2.175 1.905 1.888 1.907 1.906 
Mn 0.060 0.055 0.058 0.049 0.043 0.044 0.075 0.080 0.070 0.074 
Mg 0.313 0.300 0.469 0.528 0.530 0.527 0.007 0.006 0.005 0.005 
Ca 0.003 0.004 0.003 0.002 0.003 0.003 0.074 0.071 0.062 0.074 
Li 0.302 0.456 0.288 0.164 0.165 0.180 0.608 0.633 0.623 0.616 
Na 0.776 0.735 0.753 0.753 0.743 0.746 0.647 0.682 0.641 0.678 
K 0.004 0.005 0.005 0.003 0.006 0.009 0.009 0.005 0.006 0.006 
H 3.791 3.822 3.844 3.839 3.849 3.852 3.391 3.427 3.482 3.456 
F 0.208 0.177 0.155 0.161 0.151 0.148 0.609 0.573 0.518 0.544 
T Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al Y 0.090 0.000 0.000 0.000 0.000 0.000 0.368 0.360 0.364 0.365 
Sum T 6.078 6.156 6.126 6.154 6.136 6.144 6.092 6.095 6.107 6.090 
Y site total 3.000 3.000 3.000 2.999 2.999 2.999 3.000 3.000 3.000 3.000 
OH+F+Cl 3.999 3.999 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 
Li, calc (3-Y) 0.302 0.456 0.288 0.165 0.166 0.181 0.609 0.633 0.623 0.617 
Al Z 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 
X site Vacancy 0.217 0.257 0.239 0.242 0.249 0.242 0.270 0.242 0.291 0.242 
Formulas calculated on the basis of 31 anions. . B, Li, H2O calculated by stoichiometry. Total Fe = FeO, wt. % = 










Figure 15. EMP analysis of tourmaline (cont.) 
  6A.4.1-1 6A.4.1-2 6A.4.2-5 6A.4.2-6 6B-1 6B-2 6B-3 11B-1 11B-2 
Oxides (wt. %) 
SiO2 36.51 36.65 36.44 36.41 36.38 36.44 36.48 36.51 36.48 
TiO2 0.23 0.20 0.62 0.60 0.43 0.47 0.45 0.54 0.60 
B2O3 calc. 10.51 10.53 10.51 10.52 10.20 10.23 10.23 10.26 10.58 
Al2O3 33.65 33.69 33.23 33.23 29.00 29.10 29.13 29.20 29.12 
FeO 13.32 13.20 13.98 14.03 14.89 14.87 14.90 15.12 15.09 
MnO 0.22 0.21 0.56 0.61 0.21 0.20 0.20 0.27 0.23 
MgO 0.01 0.01 0.01 0.02 2.82 2.88 2.78 2.46 2.67 
CaO 0.28 0.31 0.23 0.28 0.02 0.02 0.02 0.01 0.02 
Li2O calc. 0.81 0.86 0.66 0.64 0.11 0.10 0.14 0.19 0.25 
Na2O 2.12 2.13 1.99 2.02 2.01 2.10 2.09 2.26 2.23 
K2O 0.03 0.03 0.02 0.01 0.02 0.04 0.05 0.02 0.03 
H2O calc. 3.16 3.17 3.11 3.09 3.40 3.38 3.41 3.41 3.52 
F 0.98 0.99 1.10 1.13 0.26 0.31 0.26 0.28 0.27 
 new subtotal 101.85 101.99 102.47 102.59 99.74 100.15 100.13 100.54 101.10 
O=F 0.41 0.42 0.46 0.48 0.11 0.13 0.11 0.12 0.11 
O=Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
total 101.43 101.58 102.01 102.11 99.64 100.02 100.02 100.42 100.99 
apfu 
Si 6.035 6.045 6.022 6.016 6.202 6.190 6.196 6.186 5.994 
Ti 0.029 0.025 0.077 0.074 0.056 0.060 0.057 0.069 0.075 
B 2.999 2.999 2.999 2.999 3.000 3.000 3.000 3.000 2.999 
Al 6.557 6.549 6.473 6.470 5.827 5.827 5.831 5.831 5.640 
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+ 1.842 1.820 1.932 1.939 2.123 2.113 2.116 2.143 2.074 
Mn 0.031 0.030 0.078 0.085 0.030 0.028 0.028 0.039 0.032 
Mg 0.002 0.003 0.003 0.004 0.716 0.730 0.704 0.620 0.654 
Ca 0.050 0.055 0.041 0.050 0.004 0.004 0.004 0.003 0.003 
Li 0.539 0.573 0.437 0.428 0.074 0.068 0.094 0.128 0.164 
Na 0.680 0.682 0.638 0.648 0.664 0.692 0.689 0.743 0.712 
K 0.006 0.006 0.005 0.003 0.005 0.009 0.010 0.005 0.006 
H 3.487 3.485 3.426 3.408 3.862 3.833 3.859 3.849 3.862 
F 0.513 0.515 0.574 0.592 0.138 0.167 0.141 0.151 0.138 
T Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.006 
Al Y 0.557 0.549 0.473 0.470 0.000 0.000 0.000 0.000 0.000 
Sum T 6.035 6.045 6.022 6.016 6.202 6.190 6.196 6.186 6.000 
Y site total 3.000 3.000 3.000 3.000 2.999 2.999 2.999 2.999 3.000 
OH+F+Cl 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 
Li, calc (3-Y) 0.539 0.573 0.437 0.428 0.075 0.068 0.095 0.129 0.165 
Al Z 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 
X site Vacancy 0.263 0.257 0.316 0.299 0.328 0.296 0.298 0.250 0.279 
Formulas calculated on the basis of 31 anions. B, Li, H2O calculated by stoichiometry. Total Fe = FeO, wt. % = 









Figure 15. EMP analysis of tourmaline (cont.) 
  11B-3 12CR-1 12CR-2 12CR-3 12CR-4 12CR-5 12CRT-1 12CRT-2 
Oxides (wt. %) 
SiO2 36.50 36.77 36.76 36.76 36.73 36.59 36.63 36.48 
TiO2 0.57 0.10 0.08 0.12 0.11 0.11 0.13 0.15 
B2O3 calc. 10.25 10.41 10.41 10.40 10.38 10.33 10.35 10.33 
Al2O3 29.11 31.22 31.17 31.01 31.00 30.99 31.01 30.93 
FeO 15.11 15.67 15.71 15.67 15.64 15.44 15.52 15.67 
MnO 0.23 0.11 0.11 0.09 0.10 0.09 0.11 0.09 
MgO 2.67 0.56 0.55 0.77 0.70 0.77 0.66 0.71 
CaO 0.02 0.32 0.28 0.20 0.18 0.02 0.03 0.04 
Li2O calc. 0.11 0.76 0.76 0.72 0.73 0.69 0.73 0.67 
Na2O 2.22 2.16 2.21 2.16 2.13 2.10 2.22 2.20 
K2O 0.03 0.01 0.02 0.02 0.02 0.02 0.02 0.03 
H2O calc. 3.40 3.18 3.17 3.22 3.18 3.14 3.14 3.10 
F 0.28 0.87 0.88 0.78 0.84 0.90 0.91 0.98 
 new subtotal 100.50 102.13 102.12 101.91 101.75 101.20 101.49 101.37 
O=F 0.12 0.37 0.37 0.33 0.36 0.38 0.38 0.41 
O=Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
total 100.39 101.77 101.75 101.58 101.40 100.82 101.11 100.96 
apfu 
Si 6.186 6.133 6.136 6.143 6.148 6.152 6.147 6.136 
Ti 0.073 0.012 0.011 0.015 0.014 0.014 0.017 0.019 
B 3.000 2.999 2.999 2.999 2.999 2.999 2.999 2.999 
Al 5.815 6.139 6.131 6.108 6.116 6.141 6.133 6.134 
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe2+ 2.142 2.186 2.193 2.190 2.190 2.171 2.178 2.204 
Mn 0.033 0.016 0.015 0.013 0.013 0.012 0.016 0.013 
Mg 0.675 0.139 0.138 0.191 0.174 0.192 0.166 0.178 
Ca 0.003 0.057 0.050 0.036 0.032 0.004 0.006 0.006 
Li 0.076 0.508 0.512 0.482 0.493 0.469 0.490 0.451 
Na 0.728 0.697 0.715 0.698 0.693 0.684 0.723 0.717 
K 0.006 0.003 0.003 0.004 0.004 0.005 0.005 0.006 
H 3.848 3.540 3.534 3.586 3.553 3.521 3.516 3.480 
F 0.152 0.460 0.466 0.414 0.447 0.479 0.484 0.520 
T Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al Y 0.000 0.139 0.131 0.108 0.116 0.141 0.133 0.134 
Sum T 6.186 6.133 6.136 6.143 6.148 6.152 6.147 6.136 
Y site total 2.999 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
OH+F+Cl 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 
Li, calc (3-Y) 0.077 0.508 0.512 0.482 0.493 0.470 0.490 0.451 
Al Z 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 
X site Vacancy 0.263 0.242 0.231 0.262 0.271 0.307 0.266 0.270 
Formulas calculated on the basis of 31 anions. B, Li, H2O calculated by stoichiometry. Total Fe = FeO, wt. % = 







Table 16. EMP analysis of plagioclase 
 1A-1 1A-2 1A-3 2A-1 2A-2 2A-3 4A-1 4A-2 4A-3 
Oxides (wt. %) 
SiO2 62.44 62.45 62.44 62.52 62.58 62.69 63.10 63.10 63.09 
TiO2 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.01 
Al2O3 23.23 23.28 23.41 23.34 23.27 23.33 23.19 23.10 23.10 
FeO* 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 5.63 5.58 5.61 5.41 5.37 5.43 4.00 3.99 4.00 
Na2O 8.78 8.62 8.70 8.88 8.48 8.37 9.23 9.33 9.41 
K2O 0.03 0.02 0.03 0.01 0.03 0.03 0.02 0.01 0.02 
total 100.13 99.98 100.22 100.17 99.74 99.88 99.56 99.54 99.63 
apfu 
Si 2.767 2.769 2.764 2.768 2.777 2.777 2.797 2.799 2.797 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.213 1.217 1.221 1.218 1.217 1.218 1.212 1.207 1.207 
Fe 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ca 0.267 0.265 0.266 0.257 0.255 0.258 0.190 0.190 0.190 
Na 0.755 0.741 0.746 0.762 0.729 0.719 0.793 0.803 0.809 
K 0.001 0.001 0.001 0.000 0.001 0.001 0.001 0.000 0.001 
Composition (mol %) 
An 26.149 26.335 26.256 25.193 25.888 26.369 19.326 19.115 19.016 
Ab 73.768 73.606 73.649 74.777 74.020 73.541 80.614 80.859 80.922 
Or 0.083 0.059 0.095 0.030 0.092 0.090 0.060 0.026 0.062 










Table 16. EMP analysis of plagioclase (cont.) 
 5A-1 5A-2 5A-3 6A.4.4-1 6A.4.4-2 6A.4.4-3 6B-1 6B-2 6B-3 
Oxides (wt. %) 
SiO2 63.21 63.22 63.20 63.30 63.29 63.33 63.29 63.30 63.27 
TiO2 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00 
Al2O3 23.09 23.10 23.09 22.89 22.90 22.88 22.90 22.87 22.90 
FeO* 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 3.78 3.90 3.88 3.72 3.69 3.78 3.83 3.80 3.83 
Na2O 9.56 9.49 9.48 9.57 9.56 9.50 9.32 9.32 9.29 
K2O 0.03 0.04 0.05 0.04 0.06 0.04 0.04 0.04 0.04 
total 99.68 99.77 99.71 99.54 99.51 99.53 99.40 99.35 99.35 
apfu 
Si 2.800 2.799 2.799 2.808 2.808 2.809 2.809 2.811 2.809 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.206 1.205 1.205 1.197 1.197 1.196 1.198 1.197 1.198 
Fe 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ca 0.179 0.185 0.184 0.177 0.176 0.179 0.182 0.181 0.182 
Na 0.821 0.815 0.814 0.823 0.822 0.817 0.802 0.802 0.799 
K 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.001 
Composition (mol %) 
An 17.921 18.491 18.427 17.680 17.561 17.996 18.493 18.388 18.550 
Ab 81.983 81.394 81.443 82.205 82.283 81.900 81.395 81.491 81.323 
Or 0.096 0.116 0.130 0.116 0.156 0.105 0.112 0.121 0.127 









Table 16. EMP analysis of plagioclase (cont.) 
 7A-1 7A-2 7A-3 8A-CR-1 8A-CR-2 8A-CR-3 8A-PEG-1 8A-PEG-2 8A-PEG-3 
Oxides (wt. %) 
SiO2 63.45 63.41 63.43 63.21 63.19 63.22 63.34 63.30 63.35 
TiO2 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.00 
Al2O3 22.78 22.78 22.69 22.87 22.98 22.80 22.89 22.87 22.82 
FeO* 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 3.56 3.69 3.72 3.83 3.98 3.73 3.68 3.66 3.63 
Na2O 9.45 9.41 9.34 9.41 9.18 9.45 9.63 9.56 9.60 
K2O 0.03 0.03 0.04 0.03 0.05 0.04 0.02 0.02 0.04 
total 99.27 99.34 99.23 99.36 99.39 99.25 99.57 99.44 99.45 
apfu 
Si 2.817 2.815 2.818 2.808 2.805 2.811 2.808 2.809 2.811 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.192 1.192 1.188 1.197 1.202 1.195 1.196 1.196 1.193 
Fe 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ca 0.169 0.175 0.177 0.182 0.189 0.178 0.175 0.174 0.173 
Na 0.813 0.810 0.805 0.810 0.790 0.815 0.828 0.823 0.826 
K 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.001 
Composition (mol %) 
An 17.224 17.786 18.015 18.359 19.308 17.891 17.419 17.457 17.281 
Ab 82.695 82.119 81.876 81.547 80.539 82.000 82.519 82.475 82.603 
Or 0.081 0.095 0.110 0.094 0.153 0.108 0.062 0.068 0.116 









Table 16. EMP analysis of plagioclase (cont.) 
 11B-1 11B-2 11B-3 11A-1 11A-2 11A-3 12A-1 
Oxides (wt. %) 
SiO2 63.30 63.38 63.28 63.27 63.26 63.22 63.38 
TiO2 0.00 0.00 0.01 0.01 0.01 0.01 0.00 
Al2O3 22.86 22.80 22.84 22.90 22.82 22.88 22.72 
FeO* 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 3.78 3.68 3.78 3.83 3.88 3.89 3.73 
Na2O 9.41 9.53 9.45 9.34 9.43 9.60 9.58 
K2O 0.06 0.04 0.05 0.04 0.03 0.04 0.05 
total 99.42 99.45 99.43 99.39 99.43 99.65 99.48 
apfu 
Si 2.810 2.812 2.809 2.808 2.808 2.803 2.813 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.196 1.192 1.195 1.198 1.194 1.196 1.188 
Fe 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ca 0.180 0.175 0.180 0.182 0.185 0.185 0.178 
Na 0.810 0.820 0.813 0.804 0.812 0.825 0.825 
K 0.002 0.001 0.001 0.001 0.001 0.001 0.001 
Composition (mol %) 
An 18.121 17.573 18.096 18.473 18.519 18.286 17.691 
Ab 81.697 82.302 81.759 81.418 81.404 81.600 82.171 
Or 0.183 0.125 0.145 0.109 0.077 0.115 0.138 
Formulas calculated on the basis of 8 oxygens. * = total Fe = FeO; wt. % = weight percent, apfu = atoms per 





Table 16. EMP analysis of plagioclase (cont.) 
 12A-2 12A-3 18B-1 18B-2 18B-3 
Oxides (wt. %) 
SiO2 63.39 63.41 63.44 63.45 63.46 
TiO2 0.01 0.00 0.01 0.00 0.01 
Al2O3 22.68 22.70 22.72 22.78 22.80 
FeO* 0.01 0.01 0.01 0.00 0.00 
MnO 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 
CaO 3.71 3.76 3.65 3.60 3.60 
Na2O 9.64 9.65 9.62 9.72 9.55 
K2O 0.04 0.05 0.06 0.05 0.05 
total 99.49 99.58 99.52 99.61 99.48 
apfu 
Si 2.813 2.812 2.814 2.812 2.814 
Ti 0.000 0.000 0.000 0.000 0.000 
Al 1.186 1.187 1.188 1.190 1.192 
Fe 0.000 0.000 0.000 0.000 0.000 
Mn 0.000 0.000 0.000 0.000 0.000 
Mg 0.000 0.000 0.000 0.000 0.000 
Ca 0.176 0.179 0.174 0.171 0.171 
Na 0.830 0.829 0.827 0.835 0.821 
K 0.001 0.001 0.002 0.001 0.001 
Composition (mol %) 
An 17.510 17.710 17.303 16.960 17.225 
Ab 82.369 82.142 82.522 82.891 82.630 
Or 0.121 0.148 0.175 0.149 0.145 
Formulas calculated on the basis of 8 oxygens. * = total Fe = FeO; wt. % = 








Table 16. EMP analysis of plagioclase (cont.) 
 29-1 29-2 29-3 32-1 32-2 32-3 
Oxides (wt. %) 
SiO2 62.49 62.52 62.46 62.17 62.22 62.26 
TiO2 0.00 0.01 0.00 0.00 0.01 0.00 
Al2O3 23.38 23.40 23.38 23.38 23.40 23.44 
FeO* 0.01 0.01 0.01 0.01 0.02 0.01 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 5.41 5.34 5.43 5.88 5.99 6.01 
Na2O 8.50 8.59 8.38 8.46 8.23 8.12 
K2O 0.05 0.04 0.05 0.05 0.06 0.05 
total 99.84 99.91 99.70 99.94 99.93 99.90 
apfu 
Si 2.771 2.771 2.772 2.760 2.761 2.762 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.222 1.222 1.223 1.223 1.224 1.226 
Fe 0.000 0.000 0.000 0.000 0.001 0.000 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 
Mg 0.000 0.000 0.000 0.000 0.000 0.000 
Ca 0.257 0.253 0.258 0.279 0.285 0.286 
Na 0.731 0.738 0.721 0.728 0.708 0.698 
K 0.001 0.001 0.001 0.001 0.002 0.001 
Composition (mol %) 
An 25.994 25.531 26.327 27.710 28.617 28.992 
Ab 73.878 74.344 73.537 72.164 71.227 70.855 
Or 0.129 0.125 0.136 0.126 0.157 0.152 
Formulas calculated on the basis of 8 oxygens. * = total Fe = FeO; wt. % = weight percent, 








Table 17. Additional EMP analysis of amphibole  
assuming 16 cations assuming no A - site vacancies 
    
  
Sample 13 (CR3) Country rock > 8 m from contact 
       
  
 
Wt% Mol Prop At Prop O No anions 
 
Formula Normalized form. 
    
  
SiO2 44.104 0.734 1.468 13.364 Si 6.682 6.932 
    
  
TiO2 0.607 0.008 0.015 0.138 Ti 0.069 0.072 
    
  
Al2O3 11.821 0.116 0.348 3.166 Al 2.110 2.190 
    
  
Cr2O3 0.000 0.000 0.000 0.000 Cr 0.000 0.000 
    
  
FeO 15.209 0.212 0.212 1.927 Fe(ii) 1.927 1.999 
    
  
MnO 0.139 0.002 0.002 0.018 Mn 0.018 0.018 
    
  
MgO 9.763 0.242 0.242 2.205 Mg 2.205 2.288 
    
  
CaO 12.043 0.215 0.215 1.955 Ca 1.955 2.028 
    
  
Na2O 1.466 0.024 0.024 0.215 Na 0.430 0.447 
    
  
K2O 0.138 0.001 0.001 0.013 K 0.027 0.028 
  
Si 6.682 Formula for 
classification: 
Si             6.682 
Al            1.318 
Al            0.792 
Fe(iii)      0.000 
Ti            0.069 
Cr            0.000 
Fe(ii)       1.927 
Mn          0.018 
Mg          2.205 
Ca           1.955 
Na           0.430 
K             0.027 
TOTAL 15.422 
ZrO2 0.000 0.000 0.000 0.000 Zr 0.000 0.000 
  





TOTAL 15.422 16.000 
  
T 8.000 
   
No. Oxygens 23
     
Al (vi) 0.792 
   
T2 9.102 
   
Cation total  (S) 15.422 Ti 0.069 
      
T = 16 
 
T/S 1.037 Cr 0.000 
    
Formula 
   














   
































































A 0.422   
      
TOTAL 15.422 
    
  











           Si 6.682 
           Al 1.318 
           
   
ST Sites (Si, Al) 
         Al 0.792 
 
8.000 
         Fe(iii) 0.000 
           Cr 0.069 
 
SC Sites (Mg, Fe etc) 






 Ti 0.000 
 
5.011 
   
Tremolite FALSE Richterite FALSE Ferro-glaucophane FALSE
Fe(ii) 1.927 
     
Actinolite FALSE Ferro-richterite FALSE Glaucophane FALSE 
Mn 0.018 
 
SB Sites (Ca, Na) CaB 1.955
 
Ferro-actinolite FALSE Magnesio-katophorite FALSE Riebeckite FALSE 
Mg 2.205 
 
2.000 NaB 0.045 
 
Magnesio-hornblende TRUE Katophorite FALSE Magnesio-riebekite FALSE 
Ca 1.955 
     
Ferro-hornblende FALSE Magnesio-taramite FALSE Ferro-eckermannite FALSE 
Na 0.430 
 
SA Sites (Na, K) NaA 0.385
 
Tschermakite FALSE Taramite FALSE Eckermannite FALSE 
K 0.027 
 
0.412 KA 0.027 
 
Ferro-tschermakite FALSE Winchite FALSE Arfvedsonite FALSE 
TOTAL 15.422 
     
Edenite FALSE Ferro-winchite FALSE Magnesio-arfvedsonite FALSE 
   
Mg/(Mg+Fe2+) 
   
Ferro-edenite FALSE Barroisite FALSE Ferro-nyboite FALSE 
   
0.534 
   
Pargasite FALSE Ferro-barroisite FALSE Nyboite FALSE 




   
Fe3+/(Fe3++[6]Al) 




   
0.000 
   
Magnesio-hastingsite FALSE 
    
       
Magnesio-sadanagaite FALSE 
    
       
Sadanagaite FALSE 
    
       
Kaersutite FALSE 
    
       
Ferro-kaersutite FALSE 
    Calculations based on the classification by Leake et al. (1997) 










Table 18. Additional EMP analysis of ilmenite 
Sample 2A-5 (CR3) country rock above mine, >8 m from contact 
 







SiO2 0.041 0.001 0.001 0.004 Si 0.002 0.002 
TiO2 50.009 0.626 1.252 3.876 Ti 1.938 1.910 
Nb2O5 0.000 0.000 0.000 0.000 Nb 0.000 0.000 
Al2O3 0.031 0.000 0.001 0.003 Al 0.002 0.002 
FeO 48.776 0.679 0.679 2.102 Fe(ii) 2.102 2.071 
MnO 0.278 0.004 0.004 0.012 Mn 0.012 0.012 
MgO 0.032 0.001 0.001 0.002 Mg 0.002 0.002 





TOTAL 4.059 4.000 
        
































   FeO 44.681 
 
Fe(ii) 1.897 
   MnO 0.278 
 
Mn 0.012 
   MgO 0.032 
 
Mg 0.002 
   CaO 0.009 
 
Ca 0.000 
   TOTAL 99.632 
 
TOTAL 4.000 
   Formulas calculated on the basis of 6 oxygens. FeO = Total Fe; wt. % = weight percent, mol prop = molecular proportions 






Table 18. Additional EMP analysis of ilmenite (cont.) 
Sample 2A-6 (CR3) country rock above mine, >8 m from contact 
 







SiO2 0.028 0.000 0.001 0.003 Si 0.001 0.001 
TiO2 48.845 0.611 1.223 3.781 Ti 1.891 1.842 
Nb2O5 0.000 0.000 0.000 0.000 Nb 0.000 0.000 
Al2O3 0.045 0.000 0.001 0.004 Al 0.003 0.003 
FeO 50.987 0.710 0.710 2.194 Fe(ii) 2.194 2.137 
MnO 0.256 0.004 0.004 0.011 Mn 0.011 0.011 
MgO 0.076 0.002 0.002 0.006 Mg 0.006 0.006 





TOTAL 4.107 4.000 
        
































   FeO 43.558 
 
Fe(ii) 1.826 
   MnO 0.256 
 
Mn 0.011 
   MgO 0.076 
 
Mg 0.006 
   CaO 0.012 
 
Ca 0.001 
   TOTAL 101.076 
 
TOTAL 4.000 
   Formulas calculated on the basis of 6 oxygens. FeO = Total Fe; wt. % = weight percent, mol prop = molecular proportions 






Table 18. Additional EMP analysis of ilmenite (cont.) 
Sample 13-1 (CR3) country rock above mine, >8 m from contact 
 







SiO2 0.065 0.001 0.002 0.007 Si 0.003 0.003 
TiO2 49.998 0.626 1.252 3.871 Ti 1.936 1.907 
Nb2O5 0.000 0.000 0.000 0.000 Nb 0.000 0.000 
Al2O3 0.023 0.000 0.001 0.002 Al 0.001 0.001 
FeO 48.887 0.680 0.680 2.104 Fe(ii) 2.104 2.073 
MnO 0.178 0.003 0.003 0.008 Mn 0.008 0.008 
MgO 0.098 0.002 0.002 0.008 Mg 0.008 0.007 





TOTAL 4.060 4.000 
        
































   FeO 44.683 
 
Fe(ii) 1.895 
   MnO 0.178 
 
Mn 0.008 
   MgO 0.098 
 
Mg 0.007 
   CaO 0.009 
 
Ca 0.000 
   TOTAL 99.726 
 
TOTAL 4.000 
   Formulas calculated on the basis of 6 oxygens. FeO = Total Fe; wt. % = weight percent, mol prop = molecular proportions 







Table 18. Additional EMP analysis of ilmenite (cont.) 
Sample 13-2 (CR3) country rock above mine, >8 m from contact 
 







SiO2 0.032 0.001 0.001 0.003 Si 0.002 0.002 
TiO2 50.876 0.637 1.274 3.890 Ti 1.945 1.919 
Nb2O5 0.000 0.000 0.000 0.000 Nb 0.000 0.000 
Al2O3 0.012 0.000 0.000 0.001 Al 0.001 0.001 
FeO 49.165 0.684 0.684 2.090 Fe(ii) 2.090 2.062 
MnO 0.217 0.003 0.003 0.009 Mn 0.009 0.009 
MgO 0.067 0.002 0.002 0.005 Mg 0.005 0.005 





TOTAL 4.053 4.000 
        
































   FeO 45.420 
 
Fe(ii) 1.905 
   MnO 0.217 
 
Mn 0.009 
   MgO 0.067 
 
Mg 0.005 
   CaO 0.032 
 
Ca 0.002 
   TOTAL 100.818 
 
TOTAL 4.000 
   Formulas calculated on the basis of 6 oxygens. FeO = Total Fe; wt. % = weight percent, mol prop = molar proportions 





















Table 19. Garnet-Biotite Thermometer* 
INPUT   Analytical Data      




kbar Fe Mn Mg Ca Ti Al(vi) Fe Mg 
CR1 - 3 4.3497 0.7678 0.5049 0.1492 0.2444 1.1825 2.6976 1.1564 
CR1 - 3 4.3127 0.7685 0.5020 0.1697 0.2529 1.2968 2.5674 1.1228 
H - 3 4.2851 0.8071 0.4867 0.1720 0.2384 1.2178 2.7780 1.0823 
Averaged 
Range 
- 3 4.3158 0.7811 0.4979 0.1636 0.2452 1.2324 2.6810 1.1205 
 
Table 19. Garnet-Biotite Thermometer* (cont.) 
RESULTS   Temperatures (°C)      









Dasg91 FS78 HS82 PL83 T76 HL77 
CR1 - 3 641 607 544 -273 -241 664 -273 681 
CR1 - 3 637 603 523 -273 -237 660 -273 676 
H - 3 656 618 567 -273 -233 681 -273 703 
Averaged 
Range 
- 3 644 609 544 -273 -237 668 -273 686 







Table 20. Whole Rock REE Analysis* 
Analyte 
Symbol Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
Unit 
Symbol ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
Detection 



































1A.1  10 25.4 31 61.5 7.22 27.1 5.99 1.03 4.8 0.77 4.79 0.94 2.91 0.445 2.83 0.457 
2A.2 21 17 12 28.1 4.15 19.1 4.96 1.82 4.47 0.69 3.76 0.68 1.85 0.248 1.48 0.229 
3A.1 12 11.1 27.2 53.3 5.94 22.5 4.77 0.68 3.33 0.56 2.73 0.42 1.05 0.143 0.98 0.157 
3B.1 < 1 4.1 3.51 6.35 0.7 2.68 0.83 0.286 0.85 0.16 0.95 0.14 0.35 0.046 0.27 0.041 
6A.3.1 1 6.9 4.18 7.74 0.86 2.94 1.14 0.385 1.18 0.27 1.6 0.22 0.55 0.092 0.58 0.075 
6A.3.2 < 1 3.9 3.1 5.36 0.59 2.03 0.67 0.363 0.53 0.12 0.79 0.13 0.34 0.052 0.31 0.045 
6A.3.3 10 19.4 29.2 56.2 6.59 24.8 5.42 0.638 3.94 0.63 3.71 0.7 2.06 0.308 2.08 0.324 
6A.3.4 10 20.9 30 59.7 7.16 26.9 5.56 0.792 4.15 0.68 3.9 0.76 2.37 0.356 2.26 0.363 
7A.1  6 10.1 8.47 16.1 1.84 7.05 1.82 0.698 1.59 0.33 1.97 0.35 1.01 0.141 0.91 0.14 
8A  < 1 < 0.5 1.51 2.12 0.14 0.39 0.13 0.349 0.08 0.01 0.09 0.01 0.03 < 0.005 0.03 0.005 
8A  9 22.6 25.4 52 5.71 22.1 4.68 0.825 3.76 0.73 4.79 0.93 2.57 0.376 2.5 0.388 
13 21 16.4 11.3 28.9 3.67 17.8 4.92 1.77 4.15 0.67 4.01 0.7 1.82 0.24 1.44 0.204 
ppm  = parts per million 
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